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@ Hydroformylation medium, process of production thereof and process for producing aldehydes using the 
hydroformylation medium. 

@ Hydroformylation mediums, and a process for produc- 
ing same, which are derived from a rhodium complex 
concentrate as well as a hydroformylation process for 
producing aldehydes which employs said concentrate as a 
source of rhodium for the rhodium complex catalyst of said 
process. 
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FIELD OF THE INVENTION 
This invention relates to novel hydroformy- 
lation mediums prepared from rhodium complex concen- 
trates containing reactivated rhodium which are derived 
from spent bydrof ormylation reaction mediums containing 
a partially deactivated rhodium complex catalyst and 
triarylphosphine. This invention also relates to an - 
improved process for preparing aldehydes by the hydro- 
formylation of an olefin in the presence of a rhodium 
10 complex catalyst, the improvement comprising employing 

as a source of rhodium for the catalyst said rhodium 
complex qpncentrate. 

BACKGRROUND OF THE INVENTION 
Processes for forming aldehydes by the hydro- 
f ormylation reaction (oxo synthesis) of an olefin with 
carbon monoxide and hydrogen in the presence of a rhodium 
complex catalyst and free triary Iphosphine are well known 
in the art. 

For instance, U.S. P. 3,527,809, the entire dis- 
20 closure of which is incorporated herein, discloses a hydro- 

formylation process where olefins are hydrof ormylated with 
carbon monoxide and hydrogen in the presence of a rhodium 
complex catalyst and free triary Iphosphine to produce 
aldehydes in high yields at low temperatures and pressures, 
where the normal to iso-(or branch chain) aldehyde isomer 
ratio of product aldehydes is high. 

It is also known that, under hydrof ormylation 
conditions, some of the product aldehydes may condense to 
form by-product, high boiling aldehyde condensation pro- 
ducts such as aldehyde dimers or trimers. Commonly- 
assigned U.S. Patent 4,148,830, the entire disclosure of 
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which is incorporated herein by reference thereto, 
discloses the use of these high boiling liquid aldehyde 
condensation products as a reaction solvent for the cata- 
lyst. More specifically, as pointed out in said U.S.P. 
4 148.830. some of the aldehyde product is involved in 
virions reactions as depicted below using n-butyraldehyde 
as an illustration: 

OH 

CHO ^CB 3 CH 2 CH 2 kcHCH 2 CH 3 ^> CH^CH.CH - CCHO 
3 2 2 CEO a 3-° : 2 

aXd ol (I) substituted acrolein (XI) 



OB 
1 



CE 3 ca 2 CH 2 CHO 



o 

OCCS 2 Ci 2 CH 3 



CH 3 CH 2 CH 2 U=C3 2 CH 3 ; CH^CE^CKCH.CH, 



O 
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CH 2 OCCH 2 CE 2 CE 3 



(txiaer IV) 

(triaer XI-J 



OH 



heat 

f CH 3 CH 2 CH 2 COO 



CE 3 CH 2 CH 2 ^CHCH 2 CB 3 CH.CE.CH^CH,^ 



a 2 OH \ ,| 

CH 2 OC 
(tetraoer VI) 



CH 2 OCCH 2 CE 2 CH 3 



(dimer V) 

I* addition. »ldol I can undergo the following 

reaction: 

OB 

I „ 

J lidol I > CH 3 CH 2 CHjCHCHCH 2 CH 3 



OH 

1 „ 
COOCH 2 CaCJlCH 2 CHjCSj 

CH 2 CH 3 

{tetramex VII) 



10 



20 



12,493-2 001 71 83 

1 

The names in parentheses in the afore -illustrated 
equations , aldol I. substituted acrolein II. trimer III. 
trimer IV. dimer V. tetramer VI. and tetramer VII. are for 
convenience only. Aldol I is formed by an aldol conden- 
sation; trimer III and tetramer VII are formed via Tischenko 
reactions; trimer IV by a transesterif ication reaction; dixer 
V and tetramer VI by a disproportionate reaction. Princi- 
pal condensation products are trimer III. trimer IV. and 
tetramer VII. with lesser amounts of the other products 
being present. Such condensation products . therefore, 
contain substantial quantities of hydroxylic compounds as 
witnessed, for example, by trimers III and IV and tetramer 
VII. 

Similar condensation products are produced by 
self- condensation of is o-butyr aldehyde and a further range 
of compounds is formed by condensation of one molecule of 
normal butyraldehyde with one molecule of iso-butyralde- 
hyde. Since a molecule of normal butyraldehyde can aldo- 
lize by reaction with a molecule of iso-butyraldehyde in 
two different ways to form two different aldols VIII and IX. 
a total of four possible aldols can be produced by conden- 
sation reactions of a normal/iso mixture of butyraldehydes . 

OH CH, 
1 1 

CH,CH,CH 2 CH0 + CH 3 CHCH 3 -> C^CH^CH-CCHg 
^ I 1 CHO 

I CHO 



Aldol (VIII) 



CH, OH 



CH-CHCHCH,CH, 
i i 



1 ' 

CH 3 CHO 

aldol (IX) 
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~ f„rther condensation wi--i 
Aldol I can undergo further 

^aXdeh^e to £ ot» a — — ^*^7^ 

4u «d h 7 seU—ation .« ~° ~ <^ ^ ^ 

„ ,-mdarEO further reactions witn e 
aldehyde can undergo tux ic t rimers . 

i ^Hvde to form corresponding isomeric t 
or isobutyraldehyde , oMUsly to trimer III 

These trimers can react further analogously 

1 * mixture of condensation products is 
so that a complex mixture o 

fOTmed " ..iv-assigned copending U.S. 

In addition commonly- as sxgne 

• i no 776 934, filed March 11. 1977 
Ration M~ » • ■ entire aisciosure e£ uhicb 

" r.L» hydrofo^Xation reaction .sins a 

all vhetein the aXdeh.ee teaetion ptodoets 

ot T.l; hishet hoiXins — *~*«" ~ 
and some ox tnen ^& umiid 

• «or form from the catalyst containing lxq«« 
removed in vapor form ixo 

■ , • wt the reaction temperature and p-es 

sure. The aiaeny reaction 
pIod octs ate condensed out of the o« S- 
v .,.eX in a ptoduet xecovet, tone and *. 

. -i c / e e carbon monoxide, nya & 
starting materials (e.g.. ^ 

i „v,. 0 lef in) in the vapor phase trom 
alpha-oletm; Furthermore, by 

make-up starting olefin as 

™,«nt« it is possible, using a C 2 to u 5 
lent amounts. ^ & mass 

the alpha-olefin starting material. 
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balance in the liquid body in the reactor and thereby 
remove from the reaction zone at a rate at least as great 
as their rate of formation essentially all the higher 
boiling condensation products resulting from self- 

i 

1 condensation of the aldehyde product. 

' More specifically, according to said Serial No. 

776,934, a process for the production of an aldehyde 
containing from 3 to 6 carbon atoms is disclosed which 
comprises passing an alpha-olefin containing from 2 to 5 
10 carbon atoms together with hydrogen and carbon monoxide 

at a prescribed temperature and pressure through a reaction 
zone containing the rhodium complex catalyst dissolved in 
a liquid body, continuously removing a vapor phase from the 
reaction zone, passing the vapor phase to a product 
separation zone, separating a liquid aldehyde containing 
product in the product separation zone by condensation from 
the gaseous unreacted starting materials, and recycling the 
gaseous unreacted starting materials from the product 
separation zone to the reaction zone. 
20 It is also known in the prior art that even in 

the absence of intrinsic poisons there may be deactivation 
of rhodium hydroformylation catalysts under hydroformylation 
conditions. Copending, commonly-assigned U.S. patent 
application Serial No. 762,336 filed January 25, 1977 
(Belgium Patent 863,268), the entire disclosure of which 
is incorporated herein by reference thereto, indicates 
that the deactivation of rhodium hydroformylation catalysts 
under hydroformylation conditions in the substantial absence 
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of extrinsic poisons is due to the combination of the. 
effects of temperature, phosphine ligand: rhodium mole 
ratio, and the partial pressures of hydrogen and carbon 
monoxide and is termed an intrinsic deactivation. It is 
further disclosed therein that this intrinsic deactivation 
can be reduced or substantially prevented by establishing 
and controlling and correlating the hydrof ormylation 
reaction conditions to a low temperature, low carbon 
monoxide partial pressure and high free triarylphosphine 
ligand .* catalytically active rhodium mole ratio. 

The manner in which the carbon monoxide partial 
pressure, temperature and free triarylphosphine : cataly- 
tically active rhodium mole ratio should be controlled and 
correlated to thus limit the deactivation of the catalyst 
is illustrated as follows . 

As an example, for the triarylphosphine ligand 
triphenylphosphine, the specific relationship between 
these three paramaters and catalyst stability is defined 
by the formula: 

F = £222. y 



where 



F - stability factor 

e - Naperian log base (i.e., 2.718281828) 

y - K x + K^T + K 3 P + K 4 (L/Rh) 

T - reaction temperature (°C) 

P » partial pressure of CO (psia) 

L/Rh - free triarylphosphine : catalytically 

active rhodium mole ratio 
K L - -8.1126 
K 2 - 0.07919 
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K 3 - 0.0278 
K 4 - -0.01155 

As pointed out in said Serial No. 762,336, an 
olefin response factor must be employed to obtain the 
stability factor under actual hydrof ormylation conditions. 
Olefins generally enhance the stability of the catalyst 
and their effect on catalyst stability is more fully ex- 
plained in said application. The above relationship is 
substantially the same for other triarylphosphines , except 
that the constants K £ , K 3 and K 4 may be different. 

Those skilled in the art can determine the specific 
constants for other triarylphosphines with a minimum amount 
of experimentation as explained more fully in said appli- 
cation. 

It has also been observed that the presence of 
an alkyldiarylphosphine (for example, propyldiphenyl- 
phosphine or ethyl diphenylphosphine) in the rhodium- 
catalyzed hydrof ormylation of the alpha-olefin propylene 
inhibits catalyst productivity; i.e., the rate at which 
the desired product aldehydes are formed. * Specifically, 
the addition of small amounts of propyl diphenylphosphine 
or ethyl diphenylphosphine to rhodium hydrof ormylation 
solutions markedly reduced the rate of production of 
butyraldehydes from propylene, compared to the rate 
obtained in the absence of the alkyl diary Ipho s phine s . 

Although the presence of alkyl diarylphos phine s 
in rhodium-catalyzed hydrof ormylation processes reduces the 



-a 



10 



20 



— 7 

001 7183 

q 

catalyst productive, the stability 

complex natalyscs can be enhanced hy providing an alhy- 
diarylphosphine in Che reaction medium and copendinl . 
com3 nlv assigned U.S. application Serial Bo. 762.335 
filed January 25. 1977 (Belgium Patent 863.267), the 
antire disclosure of which is incorporated herein by 
reference thereto, teaches that the reaction conditions 
can be adjusted to be more severe in order to regain thrs 
apparent loss of catalyst productivity while retaining 
the enhanced catalyst stability. 

Said Serial No. 762,335 further teaches that 
when a triarylphosphine ligend is e^loyed in the hydro- 
£oro ylation of an alpha-olefin, some alxyldiarylphosphine 
is produced in situ, the "alky!" group thereof berng 
d erived from the alpha-olefin undergoing hydro formation 
end the "aryl" groups thereof being the same as the aryl 
of the triarylphosphine . 

Said Serial Ho. 762.335 further discloses that 
„ h en an alhyldiarylphosphine ligend is present in a liouid 
taction medium containing a rhodium complex catalyst 
consisting essentially of rhodium completed with carbon 
^noxide and a triarylphosphine ligsnd. the resulting 
rh odium complex catalyst consists essentially of rhodium 
COT plexed with carbon monoxide and either one or both of 
Che triarylphosphine ligend and the alkyldiarylphosphine 
liga nd and that the terminology "consists essentially of 
i3 not meant to exclude, but rather to include, hydrogen 
eomplexed with the rhodium, in addition to carbon monox.de 
and triarylphosphine and/or alxyldiarylphosphina. However. 
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this language is meant to exclude other materials in 
amounts which poison or deactivate the catalyst. Said 
Serial No. 762,335 goes on to disclose that particularly 
advantageous results are achieved when the amount of 
total free phosphine ligand in the liquid reaction medium 
is at least about 100 moles per mole of catalytically-active 
rhodium metal present in the rhodium complex catalyst. 

Thus it is known that, despite the obvious 
advantages of the above inventions, during use the rhodium 

10 complex catalyst loses activity (i.e. becomes partially 

deactivated) and eventually, after prolonged use, the 
activity of the catalyst will have decreased to such a 
point that it is no longer economically desirable to 
operate the hydro formylation process and the catalyst will 
have to be discharged and replaced with fresh catalyst. 
Accordingly, due to the high cost of rhodium values the 
reactivation of such partially deactivated catalysts and/or 
recovery of the rhodium values of such catalysts is of 
extreme importance to the state of the art. 

2 0 SUMMARY OF THE INVENTION 

It has now been discovered that rhodium complex 
concentrates, derived from spent hydrof ormylation reaction 
mediums containing partially deactivated rhodium complex 
catalysts, contain reactivated rhodium and that said 
concentrates can be employed as catalytic precursors 
in a hydroformylation process to achieve a substantial 
increased rate of reaction above that obtained when 
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employing said partially deactivated catalysts. The subject 
invention represents a substantial advancement in the art 
in that unlike prior art procedures the use of chemical 
compounds such as acids are not required for reactivation 
of the rhodium of the partially deactivated catalyst, 
nor is it necessary to recover the rhodium metal per se 
before it can be reused. 

Thus, it is an object of this invention to 
provide a hydro formy la tion medium which comprises reacti- 
vated rhodium complex and triarylphosphine, as well as a 
method for preparing same, said rhodium complex having 
been derived from a rhodium complex concentrate prepared 
from a spent hydrof ormylation reaction me dim. It is 
another object of this invention to provide an improved 
process for preparing aldehydes by hydroformylating an 
olefin in the presence of a rhodium complex catalyst and 
triarylphosphine, the improvement which comprises employing 
as a source of rhodium for said catalyst a rhodium complex 
concentrate prepared from a spent hydroformylation reaction 
medium. Other objects and advantages from this invention 
will become readily apparent from the following description 
and appended claims . 

Accordingly a generic aspect of this invention 
can be described as a process for preparing a hydroformyl- 
ation medium, containing a rhodium complex and 
triarylphosphine, which comprises mixing a rhodium complex 
concentrate with a sufficient amount of triarylphosphine so 
that there is at least about 10 moles of free triaryl- 
phosphine per mole of rhodium present in said medium, 
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said rhodium complex concentrate having been 
produced by a process which comprises* concentrating a spent 
hydroformylation reaction medium that contains a partially 
deactivated rhodium complex catalyst and free triaryl- 
phosphine, into at least two separate material streams by 
means of distillation at temperatures of about 20 to 
about 350 °C and at pressures of about 1000 to about 1x10 6 
mm Hg . , 

wherein one stream is said rhodium complex 
concentrate (i.e. the distillation residue) containing 
a major amount of the rhodium of said catalyst and 
which has been concentrated to about 0.1 to about 30 
percent by weight of said spent hydroformylation reaction 
medium, and 

the other material stream or streams consist 
essentially of one or more of the distilled volatile com- 
ponents of said spent hydroformylation reaction medium. 

Preferably the above process for preparing said 
hydroformylation medium also involves employing a suffic- 
ient amount of a solvent for said concentrate so that the 
amount of rhodium present in said liquid hydroformylation 
medium ranges from about 25 to about 1000 ppm of 
rhodium calculated as the free metal. 

Another generic aspect of this invention can be 
described as a hydroformylation medium comprising a rhodium 
complex and at least about 10 moles of free triarylphosphine 
per mole of rhodium present in said medium, said medium 
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also preferably containing a solvent for said complex 
such that the amount of rhodium present in said medium 
ranges from about 25 to about 1000 ppm of rhodium calcu- 
lated as free metal, and wherein said rhodium complex 
has been derived from a rhodium complex concentrate 
which has been produced by a process which comprises 
concentrating a spent liquid hydrof ormylation reaction 
medium that contains a partially deactivated rhodium 
complex catalyst and free triarylphosphine, into at least 
two separate material streams by means of distillation 
at temperatures of about 20 to about 350°C and at 

^■e a K«„«- 1000 to about 1x10" mm Hg . , 
pressures or about 

wherein one stream is said rhodium complex 
concentrate (i.e. the distillation residue) containing 
a major amount of the rhodium of said catalyst and 
which has been concentrated to about 0.1 to about 30 
percent by weight of said spent hydroformylation 

reaction medium, and 

the other material stream or streams consist 
essentially of one or more of the distilled volatile 
components of said spent hydroformylation reaction medium. 

Still a further generic aspect of this invention 
can be described as an improved process for producing 
aldehydes by hydroformylation of an olefin with hydrogen 
and carbon monoxide in the presence of a hydroformylation 
reaction medium comprising a soluble rhodium complex 
catalyst and at least 10 moles of free triarylphosphine per 
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mole of catalytically active rhodium, 

the improvement comprising employing as a 
source of rhodium for said catalyst, a rhodium complex 
concentrate having been produced by a process which comprises 
concentrating a spent liquid hydroformylation reaction 
medium containing a partially deactivated rhodium complex 
catalyst and triarylphosphine into at least two separate 
material streams by means of distillation at temperatures 
of about 20 to about 350 °C and at pressures of about 
1000 to about lxlO~ 6 mm Hg . , 

wherein one stream is said rhodium complex 
concentrate (i.e. the distillation residue) containing 
a major amount of the rhodium of said catalyst and 
which has been concentrated to about 0.1 to about 30 
percent by weight of said spent hydrof orr.ylation reaction 
medium, and 

the other material stream or streams consist 
essentially of one or more of the distilled volatile 
components of said spent liquid hydroformylation reaction 
medium. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

As seen discussed above one of the basic points 

of novelty of this invention rests in the discovery that 

spent hydroformylation reaction mediums containing a 

partially deactivated rhodium complex catalyst and free 

triarylphosphine can be reactivated or regenerated by 

concentrating said mediums into a rhodium complex 

concentrate by means of distillation. The term "spent 
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"hydroforcylation reaction medium" as employed herein means 
a hydrof ormylation reaction medium, or any part thereof, 
containing a rhodium complex catalyst and free triaryl- 
phosphine of any process directed to producing aldehydes 
by hydro formyla tine an olefin with -carbon monoxide and 
hydrogen in the presence of a. rhodium complex catalyst 
and free triarylphosphine and which process has been 
operated to the extent that said catalyst has become 
at least partially deactivated. In general it is 
preferred to concentrate those spent hydrofornylation 
reaction mediums in which the rhodium complex catalyst 
has become so deactivated that it is no longer economical 
to continue the hydrof ormylation process. However, it 
is not necessary to await such an event, since the 
concentration procedure of this invention can be carried 
out if desired on any such spent hydrof ormylation medium 
which contains at least a partially deactivated rhodium 
complex catalyst, i.e., a catalyst which less active 
than its original counterpart. The extent of deactiva- 
tion of the catalyst may be determined at any given 
time during the hydrof ormylation reaction, e.g., by 
comparing the conversion rate to product based on such 
catalyst to the conversion rate obtained using fresh 
catalyst . 

As pointed out by the above prior art, methods 
for hydroformylating olefins to produce aldehydes with 
a rhodium complex catalyst in the presence of free tri- 
arylphosphine are well known in the art. Thus it should 
be clear that the particular hydrof ormylation process for 
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producing aldehydes from an olefin from which the spent 
hydroformylation reaction mediums employed in the 
present invention may be derived, as well as the reaction 
conditions and ingredients of said hydroformylation 
process, are not critical features of the present 
invention, since such served only as a means for fur- 
nishing the spent hydroformylation reaction medium 
employed as the starting material of the concentration 
. procedure of the present invention. In general, however, 
it is preferred to concentrate spent hydroformylation 
reaction mediums derived from the operational 
features taught in U.S. Patent 3,527,809 and U.S. 
Application Serial Nos . 762,335 and 776,934, discussed 
above „ 

Thus the spent hydroformylation reaction 
mediums employable in this invention comprise a 
partially deactivated rhodium complex catalyst and 
free triarylphosphine and -can contain additional 
ingredients which have either been deliberately employed 
in the hydroformylation process or formed in situ during 
said process. Examples of such additional ingredients 
that can be present include the olefin starting mater- 
ials and aldehyde products of said process, solvents 
for the catalyst, such as the high boiling liquid 
condensation products of said aldehydes, as well as 
alkyl substituted phosphines, and even phosphine oxides 
formed in situ as a result of adventitious oxygen. 
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As seen by the prior art discussed above such 
hydroformylation reactions are preferably carried out in 
the presence of a rhodium complex catalyst consisting essen- 
tially of rhodium complexed with carbon monoxide and a triaryl- 
phosphine ligand , and free triarylphosphine. As the hydro- 
formylation reaction continues alkyl substituted phosphine of 
the formula 

R-P-R" 

(I) 

R' 

wherein R is an alkyl radical, R' is an alkyl or aryl 
radical and R" is an aryl radical can be formed in 
situ, the amount of which continues to form over the 
period of time that a continuous hydrof ormylation process 
is operational and said alkyl substituted phosphine ligand, 
having a greater affinity for rhodium than triarylphosphine, 
also ties or binds itself to the rhodium thereby resulting 
in a rhodium complex catalyst consisting essentially of 
rhodium complexed with carbon monoxide, triarylphosphine 
ligand and/or said alkyl- substituted phosphine ligand 
(i.e. either one or both of said triarylphosphine ligand 
and said alkyl substituted phosphine ligand) in the liquid 
reaction medium of said hydrof ormylation process. Such 
alkyl substituted phosphines may also be present in the 
spent hydroformylation reaction medium employed in this 
invention as a result of deliberate addition to the initial 
hydroformylation, if desired, as taught in U.S. Application 
.762,335 discussed above. 

Thus it is to be understood that while The 
partially deactivated rhodium complex catalyst present 
in the spent hydroformylation medium employed herein can 
be any such catalyst resulting from any hydroformylation 
reaction that employed a rhodium complex catalyst, 
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the preferred spent hydroformylation reaction medium 
employed in this invention contains a partially deacti- 
vated rhodium complex catalyst consisting essentially of 
rhodium completed with carbon monoxide and triarylphosphine 
ligand. Moreover, it is to be understood that -the term 
"complex" means a coordination compound formed by the 
union of one or more electronically rich molecules or atoms 
capable of independent existence with one or more electroni- 
cally poor molecules or atoms, each of which is also 
capable of independent existence. Triorganophosphorus 
ligands whose phosphorus atom has one available or unshared 
pair of electrons are capable of forming a coordinate bond 
with rhodium. Furthermore the terminology "consisting 
essentially of" is not meant to exclude, but rather include, 
hydrogen complexed with the rhodium in addition to said 
carbon monoxide and triarylphosphine as well as alkyl- 
substituted phosphine when present in the reaction medium, 
said hydrogen and carbon monoxide of course being derived 
from the hydrogen and carbon monoxide gases which are an 
integral part of any hydroformylation process. Moreover, 
it is not intended to limit the present invention by the 
above explanation of how the rhodium is complexed with 
said phosphines, since it is sufficient for the purpose 
of this invention to simply point out that the preferred 
partially deactivated rhodium catalyst is a complex. The 
theory to how such ligands complex with the rhodium is 
given e.g. in U.S.P. 3,527,809 and U.S. Application 
Serial No. 762,335 discussed above. 
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The second main component present in the spent 
hydroformylation reaction medium employable in this 
invention is free triarylphosphine. As pointed out 
above the preferred hydroformylation reactions are 
carried out in the presence of free triarylphosphine, 
that is triarylphosphine which is not complexed with the 
rhodium atom in the complex catalyst. In general while such 
hydroformylation reactions may be conducted in the 
presence of at least 10 moles of free triarylphosphine 
ligand per mole of catalytically active rhodium present 
in the rhodium complex catalyst, preferably the 
reaction takes place in the presence of a much larger 
amount such as at least 50 moles and more preferably at 
least 100 moles of free triarylphosphine per mole of 
catalytically active rhodium. As is well known the 
upper limit of the amount of free triarylphosphine 
ligand is not particularly critical and is dictated 
primarily and only by commercial and ecnomical con- 
sideration. 

The triarylphosphine, both complexed with 
rhodium and free, present in the spent hydroformylation 
reaction medium employed in this invention can of 
course be any triarylphosphine suitable for use in any 
hydroformylation reaction such as those triarylphosphines 
and reactions taught by the prior art discussed above. 
Illustrative triarylphosphine ligands are triphenylphosphine , 
trinaphthylphosphine, tritolylphosphine, p-(N, N- 
dimethylamino)phenyl diphenylphosphine, tris (p-biphenyl) - 
phosphine, tris (p-methoxyphenyl)phosphine, and the like. 
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Triphenylphosphine is presently the preferred triaryl- 
phosphine ligand. 

Moreover alkyl substituted phosphines such as 
encompassed by Formula (I) above, may also be present 
in the spent hydroformylation reaction mediums employable 
in this invention. Such alkyl substituted phosphines, 
which may be deliberately added, if desired, to a " * 

hydroformylation reaction, are normally derived from the 
particular olefin that is hydro formy la ted and the 

10 particular triarylphosphine employed in said hydro- 

formylation process. For example, the hydroformylation 
of propylene by the preferred procedure described in 
U.S. Application Serial No. 776,934 leads to the in situ 
formation of propyldiphenylphosphine as well as some 
detectable butyldiphenylphosphine . 

Accordingly, the alkyl radical of said alkyl 
substituted phosphine may be any alkyl radical having 
from 2 to 20 carbon atoms and more preferably 2 to 10 
carbon atoms. They may be straight or branched-chain and 

20 may contain groups or substituents which do not 

essentially interfere with the course of the process of 
this invention, such as hydroxyl and alkoxy radicals, and 
the like. Illus trative of such alkyl radicals include 
ethyl, propyl, isopropyl, butyl, pentyl, hexyl, heptyl, 
octyl, decyl, dodecyl, octadecyl, 2-ethyl-hexyl , eicosyl, 

3- phenyl-propyl, 3-hydroxypropyl , 4-hydroxyhexyl, 

4- hydroxyoctyl, 2-ethoxyethyl, 2-methoxy ethyl, 
3-ethoxypropyl , and the like. 
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Moreover, since it is generally preferred to hydro- 
formylate alpha-olef ins containing 2 to 5 carbon 
atoms the most preferred alkyl radicals of said alkyl 
substituted phosphines are ethyl, propyl, butyl and 
pentyl. Likewise, the aryl radical of said alkyl 
substituted phosphines may correspond to the aryl group 
of the triarylphosphine ligand employed in the hydro- 
formylation processes as discussed above, the preferred 
aryl radical being a phenyl radical derived from 
LO triphenylphosphine. Thus the most preferred alkyl 

substituted phosphines are ethyldiphenylphosphine , 
propyldiphenylphosphine and butyldipheny lphosphine , 
especially propyldiphenylphosphine . Note , however , 
that it is not applicants' intention to be bound by 
any precise discussion or explanation of how said alkyl 
substituted phosphines are formed in situ, it being 
sufficient for the purpose of this invention to simply 
point out that their in situ formation and presence is 
possible in the spent liquid hydrof ormy lat ion reaction 
20 mediums employable in this invention. 
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The various amounts of rhodium complex 
catalyst, t riarylphosphine and said alkyl substituted 
phosphine that can be present in the spent bydroformy- 
lation reaction medium employable in this invention 
are not critical, since such will merely depend upon 
the particular spent hydrof ormylat ion reaction medium 
desired to be concentrated. Thus the spent hydroformy- 
lation reaction medium employable herein will merely 
correspond to that medium of any hydrof ormylat ion 

10 reaction of an olefin containing from 2 to 20 carbon 

atoms, especially alpha-olef ins , that comprises a 
partially deactivated rhodium complex catalyst and 
free t riarylphosphine. Likewise the amounts of said 
partially deactivated rhodium complex catalyst, tri- 
arylphosphine and alkyl substituted phosphine present 
in said spent hydrof ormylat ion medium will merely 
correspond to those amounts of the corresponding 
ingredients initially employed and/or obtained in situ 
in the reaction medium of the hydrof ormylat ion process 

20 from which it is desired to produce the rhodium complex 

concentrate that is employable in this invention. In 
general, the amount of alkyl substituted phosphine 
present in the spent hydrof ormylation reaction medium 
employable in this invention may range from 0 to about 
20 weight percent, and more preferably from about 1 to 
about 10 percent based on the total weight of said spent 
medium, while the amount of triarylphosphine ligand 
present may vary from about 0,5 percent be weight to about 
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40 percent by weight or higher , based on the total 
weight of said spent medium. If desired, such 
phosphine compounds in said spent hydrof orroylation 
reaction medium can be removed, via the use of an 
aqueous maleic acid or maleic annydride solution, 
as seen discussed more fully in our commonly assigned, 
U.S. Application, Serial Nos. 40,913 filed May 21, 1979, 
and 108,279 filed December 28, 1979, the entire dis- 
closures of which are incorporated herein by reference 
10 thereto, prior to subjecting said spent medium to the 

concentration procedure employed in this invention. 
However, such a prior removal of phosphine is not neces- 
sary to achieve the desired results of the present 
invention described herein. The amount of partially 
deactivated rhodium complex catalyst present in the 
spent hydroformylation reaction medium employable in 
this invention will of course be at least that minimum 
amount (catalytic amount) which is necessary to continue 
to catalyze the particular hydroformylation reaction 
20 from which the spent medium employable in this invention 

is derived. Generally, the rhodium concentration in 
said spent medium may range from about 25 ppm to about 
1000 ppm, and more preferably from about 50 ppm to about 
400 ppm of rhodium calculated as free metal. 



-23- 



nm r 

12,493-2 

0017183 

It is ox course, also to be understood that 
since such hydrof ormylat ion reactions are normally 
conducted in the presence of a solvent for the rhodium 
complex catalyst, that the spent hydrof ormylat ion reaction 
mediums employable in this invention may, and preferably 
do, also encompass the presence of such solvents for 
said catalysts in the same amounts that such solvents 
are employed in the liquid reaction medium of said 
hydrof ormylat ion reactions. Such solvents are we.ll 

10 known in the art and encompass those described in 

U.S. P. 3,527,809 and more preferably the higher boiling 
liquid aldehyde condensation products which are described 
more fully, as are methods for their preparation, in U.S. 
Application Serial No. 776,934 and U.S. P. 4,148,830 as 
discussed above. Accordingly, the amount of solvent 
present in the spent hydrof orraylation reaction medium 
employable in this invention is not critical to the 
subject invention and will preferably be those amounts 
employed and/or maintained in situ in the liquid 

20 reaction medium of a hydrof ormylat ion reaction. Thus, 

in general, the amount of solvent when present in said 
spent medium may range from about 10 to about 95 parts 
be weight based on the total weight of said spent 
medium. 

The spent hydrof ormylat ion reaction mediums 
employable in this invention will also contain at least 
some portion of the aldehyde products which are being 
produced by the particular hydrof orraylation reaction 
involved from whence said spent mediums are derived. 
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For example, the aldehyde products produced by hydro- 
formylating propylene are butyraldehydes . The amount 
of such aldehyde products present in said spent mediums 
will of course merely be dependent upon the particular 
hydroformylation process involved. In general, such spent 
mediums may contain from about 0.1 to about 30 percent 
by weight of such aldehyde products based on the total 
weight of the spent medium. Of course it is to be 
further understood that the spent hydroformylation reaction 
mediums may also contain minor amounts of unreached olefin 
starting material and phosphine oxides which correspond 
to xhe phosphines present in the hydroformylation process 
and which oxides are normally formed in situ during said 
process due to adventitious oxygen. 

As pointed out above the rhodium complex 
concentrate employable in this invention is produced 
by a process which comprises concentrating a spent 
hydroformylation reaction medium as defined above into 
at least two separate material streams by means of - 
distillation at temperatures of about 20 to about 

35q°C and at pressures of about 1000 to about 1x10 * mm Eg., 
Kg., wherein one stream is said rhodium complex 
concentrate (i.e. the distillation residue) containing 
a major amount of the rhodium of said catalyst and 
which has been concentrated to about 0.1 to about 30 
percent by weight of said spent hydroformylation reaction 
medium, and the other material stream or streams consist 
essentially of one or more of the distilled volatiles of 
said spent hydroformylation reaction medium. More 
preferably the spent hydroformylation reaction medium is 
distilled to form a rhodium complex concentrate which has 
Deen concentrated to from aDour 1 to aoout 10 percent b7 
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weight and most preferably to from about 2 to about 
6 percent by weight of said spent medium. 

The distillation procedure preferably 
takes place in two stages, the first stage bring 
conducted at temperatures of about 20 to 250°C. t 
j preferably from 20 to 190°C, and pressures of about 

! 1000 to about 0.1 mm Hg., preferably about 150 to 0.5 

mm Kg., which may effect up to about a threefold 
concentration of the spent hydro formy la tion reaction 
10 medium; the second stage of the distillation being 

conducted at temperatures of about 25 to 350 C C, 
preferably from about 150 to about 300°C, and pressures 
of about 100 to lxl0~ 6 mm Kg., preferably about 20 to 
0.1 mm Kg., so as to further concentrate the bottom or 
residue product of the first stage to the finally 
desired rhodium complex concentrate which may contain 
from about 1000 to about 50,000 ppm, more preferably 
from about 1500 to about 15,000 ppm, and most preferably 
from about 2,000 to 12,000 ppm, of rhodium calculated 
20 as free metal. 

The first distillation stage is employed to 
distill off and remove the most volatile components, 
e.g. the aldehyde products, that are present in the 
spent hydroformylation medium since such low boiling 
volatile components interfere with obtaining the 
desired low pressures employed in the second distillation 
stage and needed for the most effective removal of the 
less volatile (i.e. higher boiling) components. Of course 
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it is obvious that the most volatile components (e.g. 
the aldehyde products) so removed may be recovered 
from said distillate stream in any conventional manner 
or discarded as desired. ■ 

The second distillation stage involves taking 
the liquid residue or bottoms of said first distillation 
stage containing the partially deactivated rhodium 
complex catalyst and less volatile components, such 
as the solvent and phosphine ligands , of the spent 
hydroformylation reaction medium and subjecting it to 
further distillation at the reduced pressures given 
above so as to distill off and remove said remaining 
high boiling volatile materials. The desired rhodium 
complex concentrate employable in this invention is 
thus recovered as the distillation residue of said second 
stage distillation and contains a major amount of the 
rhodium of said partially deactivated catalyst (i.e. more 
than 50 percent by weight, preferably more than 90 percent 
by weight, of the total amount of rhodium of said cata- 
lyst) . For obvious economic reasons it is most desirable 
that the rhodium complex concentrate contain essentially 
(i.e. greater than 97 percent by weight) all of the 
rhodium of said partially deactivated catalyst. 

The distillation of each separation stage 
can be carried out by using any suitable distillation 
system and can take place on a continuous and/ or dis- 
continuous (batch) basis. However, care should be 
taken to avoid overheating the rhodium complex. It is 
also important to maintain a high vacuum in the second 
distillation stage so that the temperature required for 
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concentration can be minimized. Thus the distillation 
is preferably carried out at the lowest temperature 
and shortest residence time required to achieve the 
desired rhodium concentration. Because the components 
of the spent hydrof oraylat ion reaction mediums which 
are to be distilled in accordance with this invention 
can vary, both in terms of their nature and concentra- 
tions, as well as from hydrof ormylat ion process to 
hydrof oraylat ion process, it is apparent that no 
10 specific residence time can be arbitrarily given as 

either a maximum or minimum in order to practice this 
invention. Accordingly it is preferred to employ a 
thin-film evaporator, such as a wiped-film evaporator, 
since in such systems residence times at elevated 
temperatures of less than 10 minutes whould be suitable 
in most instances, and preferably such residence times 
will be less then about three minutes, whereas in a 
kettle-type batch distillation the residence time for the 
second stage of distillation can be hours. However, 
20 batch systems are readily suitable for the first stage of 

distillation, since such is concerned with only removing 
the most volatile (lower boiling) components of the 
spent medium and thus the distillation can be carried 
out at rather mild temperatures and at much higher 
pressures than those pressures employed in the second 
distillation stage. In general, it is preferred to 
carry out both distillation stages in a thin-film 
evaporator, especially a wiped-filra evaporator. Such 
- evaporators are well known in the art and thus need not 
be further discussed herein. 
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Of course, it is also to be understood that 
the procedure of each distillation stage can be carried 
out more than once, i.e. repeated until the desired amount 
of volatiles have been removed and/or the desired rhodium 
concentration obtained. Indeed, because of the short 
residence time obtainable by use of a thin-film evaporator, 
it is generally preferred to repeat the initial concen- 
tration procedure of the second stage of distillation 
at least twice, since such has the advantage of allowing 
the desired rhodium complex concentrate to be built-up 
in gradual concentration steps. 

It should be noted that reactivation of the 
rhodium of the partially deactivated catalyst present 
in the spent hydrof ormylation reaction mediums concentrated 
herein is not simply the result of distilling catalyst in- 
hibitors from the rhodium catalyst. A fundamental change 
in the rhodium species present in the partially deactivated 
catalyst occurs during the concentration procedure employed 
herein. The rhodium species found in the rhodium complex 
concentrates produced by the concentration procedure of this 
invention are different in that it is generally larger in size 
than those species found in partially deactivated rhodium 
complex catalysts. Said rhodium complex concentrates so 
obtained have a dark brownish color and are highly 
viscous rhodium complex mediums consisting essentially 
of rhodium and minor amounts of triarylphosphine 
(generally less than 10 percent by weight based on 
the total weight of the concentrate) , the remainder 
consisting essentially of highly boiling aldehyde 
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condensation products and phosphine oxides, said 
condensation products and oxides having been produced 
in situ during the hydrof ormylation process from 
whence the spent hydrof ormylation reaction medium 
starting material is obtained. 

It has been surprisingly found that the 
rhodium complex concentrates prepared according to 
this invention can be employed as a source of 
reactivated rhodium for the rhodium complex catalyst 

10 of any hydrof ormylation process. Indeed it has been 

found that the rate of reaction of a rhodium complex 
catalyst employed in a hydrof ormylation process which 
uses such a rhodium complex concentrate as a source of 
rhodium for the catalyst of said process is 
greater than that obtained when employing the spent 
hydroformylation reaction medium containing the 
partially deactivated catalyst from whence said 
concentrate was derived. 

It has now been further surprisingly found that 

20 adding an oxidant such as oxygen and/ or an organic peroxide 

to the rhodium complex concentrates prepared according to 
this invention can improve the regenerated activity of the 
concentrate even further and that such oxidant treated 
concentrates can lead to even further improvements in 
hydroformylation activity when employed as a source of 
rhodium for the catalyst of a hydroformylation process 
above that obtained when employing the spent hydroformylation 
reaction medium containing the partially deactivated 
catalyst from whence said concentrate was derived or even 

30 when employing the same concentrate that has not been so 
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treated with the oxidant. 

It is difficult to ascertain the precise reasons 
for such an improvement in the regenerated activity of the 
concentrate due to its contact with the oxidant. However, 
it is believed that the oxidant, for whatever reason, 
somehow renders the larger rhodium clusters obtained in 
preparing the concentrates according to this invention more 
susceptible to transformation into the smaller catalytic 
rhodium species that may be found in an efficient hydro- 
formylation process having a high rate of activity. This 
phenomenon may be readily observed by the change in color 
of the concentrate during hydrof ormylation from dark brown 
into the yellow solution commonly associated with highly 
active rhodium complex catalysts during such a hydro- 
formylation process. 

The oxidant employed in this invention for treat- 
ment of the rhodium complex concentrate may be in the form 
of a gas or liquid and is selected from the class consist- 
ing of oxygen and an organic peroxide, that is to say that 
the oxidant can be oxygen and/or an organic peroxide. While 
the preferred oxidant is oxygen it is to be understood that 
oxygen need not be employed in its pure form, but more 
preferably and conveniently is employed in the form of air 
or in admixture with an inert gas , such as nitrogen in order 
to minimize any explosive hazards. Indeed while oxygen in 
the form of air is the most preferred and convenient oxidant 
it too may be diluted with an inert gas such as nitrogen in 
order to reduce its oxygen content if operating conditions 
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warrant such safety precautions. The liquid organic 
peroxides which may also be employed as oxidants herein 
encompass organic peroxides of the formula R-O-O-R' , wherein 
R represents a radical selected from the group consisting of 
monovalent hydrocarbon radicals of 2 to 20 carbon atoms, 
carboxylic acyl radicals of 2 to 20 carbon atoms, 
aroyl radicals of 7 to 20 carbon atoms, alkoxycarbonyl 
radicals of 2 to 20 carbon atoms and cycloalkoxycarbonyl 
radicals of 4 to 20 carbon atoms, and wherein R' represents 
a radical selected from the group consisting of hydrogen 
and a radical represented by R as defined above. Preferred 
monovalent hydrocarbon radicals represented by R and R 1 
above are alkyl and aralkyl radicals, especially t-alkyl 
radicals of 4 to 20 carbon atoms and aralkyl radicals of 8 
to 15 carbon atoms. Most preferably R' represents hydrogen 
(i.e. -H). Illustrative organic peroxides include t- 
butylhydroperoxide, t- amy lhydroper oxide, cumenehydroper oxide , 
ethylbenzenehydroperoxide, and the like. Such organic 
peroxides and/or methods for their preparation are well known 
in the art, the most preferred organic peroxide being t- 
butylhydroperoxide . 

Further it is to be appreciated that the improvement 
in regenerated activity of the rhodium complex concentrate 
due to its treatment with the oxidant may be accomplished 
by adding the oxidant to the concentrate in any manner 
which seems most convenient and suitable. Thus the method 
of treating the concentrate with the oxidant is not 
critical and can be accomplished simply by adding a 
sufficient amount of oxidant to the concentrate to obtain 
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tr-s desired improvement in the regenerated activity of the 
concentrate. For instance, the gaseous or liquid oxidant 
can be added by carrying out the concentration of the 
spent hydroforylation medium in the presence of the oxidant, 
or during or after the concentrate is being collected. By 
wav of example the liquid organic peroxides may be added to 
s-ent hydroformulation medium prior to the concentration 
procedure or to the concentrate while or after it is being 
collected. Likewise oxygen, and more preferably air, can be 
sparged into the concentrate after it has been collected, as 
it is being collected or while it is still a film on the 
walls in the thin film evaporator. The concentrate can also 
be agitated or stirred so as to create a vortex that will 
draw air from overhead into said concentrate. Alternatively 
spraying or atomizing the concentrate into air or allowing 
air to diffuse into the concentrate while or after 
concentration may also improve the regenerated activity of 
the concentrate. However because oxygen is the more preferred 
oxidant and because diffusion of air into the viscous 
concentrate can be quite slow, in order to obtain the most 
optimum results it is generally preferred to thoroughly 
disperse air throughout the concentrate, such as e.g. by 
directly feeding air into the concentrate after it has been 
collected or while it is still a film on the walls in a 
thin film evaporator or by agitating the concentrate and 
drawing air into it from overhead. Moreover it should be 
understood that while the oxidant treatment preferably 
involves directly adding the oxidant to the concentrate, 
if desired viscous concentrates may be first diluted with 
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an appropriate solvent to facilitate handling prior to 
said oxidant treatment. 

In view of the fact that the oxidant treatment 
encompassed herein is designed to obtain a desired improve- 
ment in the regenerated activity .of the rhodium complex 
concentrate over that obtained in the absence of such an 
oxidant treatment and because the components of the concen- 
trate can vary both in terms of their nature and concentra- 
tions, it is apparent that no specific values can be 
arbitrarily given to conditions such as the amount and 
partial pressure (concentration) of oxidant, temperature, 
and contact time for the oxidant treatment- Such conditions 
which may vary greatly, are not narrowly critical and obviously 
need only be at least sufficient to obtain the improvement 
desired. For instance, the amount of oxidant added obviously 
need only be at least a sufficient amount necessary to 
achieve an improvement in the regenerated activity of the 
rhodium complex concentrate over that obtained in the 
absence of such an oxidant treatment. Moreover, there 
appears to be no upper limit on the maximum amount of 
oxidant that may be employed save for it obviously not being 
so great as to create a hazardous explosive situation, e.g. 
by virtue of large concentrations or oxygen, or so great as 
to be detrimental to the hydroformylation process in which 
one wishes to employ the rhodium complex concentrate as the 
source of rhodium for the catalyst thereof, (e.g., excessive 
amounts of residual peroxide could be harmful to the phos- 
phine ligand of the hydroformylation process). Thus in 
some cases a small amount of oxidant may be more beneficial, 
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while in otKer circumstances a large amount of oxidant 
may prove more desirable . For example, while only a small 
amount of oxidant may be needed in a given circumstance, it 
may be more desirable to use a higher concentration, and 
therefore a larger amount of oxidant, in order to reduce 
contact time. Accordingly, treatment conditions such as 
temperature, partial pressure (concentration) and contact 
time will also vary greatly depending upon among other 
things, the oxidant and method of treatment involved, and 
thus any suitable combination of such conditions may be 
employed herein. For instance, a decrease in any one of 
such conditions may be compensated for by an increase in 
one or both of the other conditions, while the opposite 
correlation is also true. In general the oxidant may be 
added to the concentrate at liquid temperatures ranging 
from 0°C. to about 250 °C, while temperatures ranging from 
about ambient temperature to about 175 °C should be suitable 
in most instances. Moreover, oxygen partial pressures 
ranging from as little as 1(T 4 to 10 atmospheres should be 
sufficient for most purposes, while the organic peroxides 
can be conveniently added to the concentrate at atmospheric 
pressure. Of course it is obvious that the contact time 
will be directly related to such conditions as temperature 
and oxidant concentration and may vary from a matter of 
seconds or minutes to hours. For example, very low oxygen 
partial pressures and a contact time of only a matter of a 
few seconds may be needed when treating the concentrate 
with air while it exists as a thin film on the hot walls 
of an evaporator during the concentration procedure due to 
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the high temperature employed in such procedures. On the 
other hand treating a large volume of collected concentrate 
with moderate oxygen partial pressures (10" 3 to 1 atmosphere) 
at room or ambient temperature may require a contact time of 
several hours or more. 

Thus it should be clear that while the -selection 
of the optimum levels of such variables as discussed above 
are dependent upon one's experience in the utilization of 
the subject oxidant treatment, only a certain measure of 
experimentation should be necessary in order to ascertain 
those conditions which are optimum for a given situation. 
However, it should also be clear that one of the beneficial 
factors involved in such an oxidant treatment as employed 
herein is the wide processing latitute that one has in 
selecting the proper combination of conditions that will be 
most useful in obtaining or at least best approaching a 
particular desired result or need. 

Of course it should be again fully understood that 
when employing the oxidant treatment of this invention one 
must be careful to avoid those conditions which could lead 
to the possibility of explosive detonation occurring by 
virtue of a large concentration of oxygen in a confined 
space. 

Since the ultimate purpose of this invention is 
to provide a rhodium complex concentrate having a regenerated 
activity such that which when used as the source of 
rhodium for the catalyst of a hydrof ormylation process will 
furnish said process with a rate of reaction that will 
approach the activity of fresh rhodium complex catalyst, 
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ths more preferred rhodium complex concentrates of this 
invention will be those which when employed will furnish 
such a hydroformylation process with a rate of reaction that 
is at least equal to 50 percent and most preferably at 
least equal to 70 percent of that rate of reaction which may 
be obtained when using a fresh rhodium complex catalyst. 

As pointed out herein the regenerated activity of 
a rhodium complex concentrate prepared according to this 
invention may be determined by measuring the rate of 
reaction of a rhodium complex catalyst employed in a hydro- 
formy lazier, process which uses the rhodium complex concentrate 
as the source of rhodium for the catalyst of said process 
against the activity of a fresh rhodium complex catalyst 
employed in the same manner. This effect may be easily 
■ determined by carrying out the hydroformylation reactions 
and by continuously monitoring the rate of hydroformylation. 
The difference in hydroformylation rate (or difference in 
catalyst activity) may then be observed in a convenient 
laboratory time frame. 

Accordingly the most preferred rhodium complex 
concentrates of this invention will be chose oxidant treated 
concentrates which when employed as the source of rhodium 
for a rhodium- triphenylphosphine complex catalyst will 
provide a hydroformylation process of propylene to butyralde- 
hyde conducted in the presence of said catalyst and free 
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triarylphosphine and at about 100°C. using a geseous 
mixture of propylene: carbon monoxide: hydrogen having 
molar ratio of about 1:1:1 and a total pressure of about 
75 p.s.i., with a rate of butyraldehyde production equal 
to at least 50 percent and more preferably equal to at 
least 70 percent of that rate of butyraldehyde production 
obtained for said hydrof ormylat ion process under the 
same conditions when rhodiumdicarbonylacetylacetonate is 
employed as the source of rhodium for said rhodium- 
triphenylphosphine complex catalyst. 

Reactivation of the rhodium by the 
procedure outlined above allows one to employ 
the rhodium complex concentrate in the same manner 
as taught in the prior art discussed above for any 
conventional catalytic precursor, such as rhodium 
carbonyl triphenylphosphine acetylacetonate, Rh 2 0 3 , 
Rh 4 (C0) 12i Rh 6 (CO) 16 , Rh(N0 3 ) 3 , rhodium dicarbonyl 
acetylacetonate, and the like. Thus the particular 
manner in which said rhodium complex concentrate is 
employed as a source of rhodium for the rhodium 
complex catalyst of a hydrof ormylat ion reaction 
is not critical to this invention. 
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For instance, the rhodium complex con- 
centrates prepared according to this invention can 
be employed per se as a catayltic booster to increase 
the rate of reaction of any conventionally known 
hydrofcrmylation process directed to producing 
aldehydes (such as those prior art processes 
already herein discussed above) that has already been 
operational to the extent that the rhodium complex 
catalyst employed therein (be it a conventional pre- 
10 formed catalyst or one derived in situ from a con- 
ventional precursor such as taught in the prior art 
discussed above or even one derived from a rhodium 
complex concentrate prepared according to this invention) 
has become at least partially deactivated. The addition 
of a minor amount of said rhodium complex concentrate 
to the spent hydro? crmylation reaction mediums of such 
hydrofcrmvlaticr. processes provides a source of active 
rhodium for the in situ formation of additional amounts 
of rhodium complex catalyst, thereby providing the 
20 means for an increase in the rate of reaction of said 
hydroformylat ion process. The amount of rhodium 
complex concontrate employed in such a fashion need of 
course be only that amount necesary to provide an 
increase it catalytic activitv over that being obtained 
prior to the addition of said concentrate to the spent 
hydrof c:\-.y Is tiers reaction medium. 
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Moreover, the rhodium complex concentrates 
of this invention are especially suitable for employ- 
ment as the primary source of rhodium for rhodium com- 
plex catalysts formed in a hydro formy la t ion process. 
Preparation of the hydro formy la t ion reaction mediums 
using said rhodium complex concentrates as the pr ima ry 
catalytic precursor can be carried out in any manner 
since such is not a critical factor of the present 
invention. However, it is generally preferred to first 
10 prepare a diluted hydroformylation medium of said 

rhodium complex concentrate and triarylphosphine , 
which contains rhodium and triarylphosphine in the 
concentrations normally desired for a hydroformylation 
process . 

Accordingly hydroformylation mediums can be 
prepared by combining said rhodium complex concentrates 
with a sufficient amount of triarylphosphine and pre- 
ferably sufficient solvent for said complex so that 
said mediums comprise a solubilized rhodium complex and 
20 free triarylphosphine, wherein the amount of free tri- 

arylphosphine present is at least about 10 moles, pre- 
ferably at least about 50 moles and more preferably at 
least about 100 moles, per mole of rhodium present 
therein, and also preferably wherein the amount of rhodium 
present in said medium ranges from about 25 to about 
1000 ppm rhodium and more preferably from about 50 to 
about 400 ppm of rhodium calculated as free metal. 
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Such a dilution of the rhodium complex 
concentrate with triarylphospbine and a solvent to 
such a hydrofcrraylation medium can be easily carried 
out merely by mixing the ingredients involved in any 
suitable manner and in any order. Generally, however, 
it is preferred to make up a solution of the triaryl- 
phospbine and solvent and then add the viscous rhodium 
complex concentrate to said solution. 

Of course, it is obvious that, since the 
purpose of the hydro formyl at ion medium of this invention 
is to be employed in a hydrof ormylation process to 
produce aldehydes fro* olefins as discussed above, the 
triarvirhcsrhines and solvents, as well as the amounts 
of ingredients involved, which can be used to produce 
such hydroformylation mediums can correspond to any 
triarylphospbine, solvent and amounts thereof employable 
in a hydrcf ormylation processes. 

For example obviously the amount of rhodium 
complex concentrate employed to form said hydrof ormylation 
medium need only be that minimum amount which is necessary 
to provide the desired rhodium concentration of said 
medium (which concentration as seen above can range from 
about 25 ppm to about 1000 ppm, preferably from about 
50 ppm to about 400 ppm) a nd which will furnish the basis 
for at least that catalytic amount of rhodium necessary 
to catalyze the particular hydrof ormylation process 
desired. 

Likewise, the triarylphosphine , both complexed 
wiTh rbC eium and free, present in the novel hydrof ormy- 
i'azicn medium of this invention can of course be any 
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nion such as those triarylphosphines and reactions already dis- 
closed above. The preferred triarylphosphine is course tri- 
Phenylphosphine. If desired at least some of the triarylphosphine 
employed in preparing the novel hydrof ormy la t ion medium of this 
invention can be the triarylphosphine that has been distilled 
from the spent hydroformylation medium during the formation of the 
rhodium complex concentrate and which has been recovered from the 
distillate in any suitable manner. It is not necessary to use 
10 this recovered triarylphosphine in its pure form, it may also be 
used as a mixture containing other compounds which do not have an 
adverse affect on catalyst activity and/or selectivity. The amount 
of said triarylphosphine present may vary from about 0.5 percent by 
weight to 40 percent by weight or higher, based on the total weight 
of said hydroformylation medium, and as pointed out above is pre- 
ferably present in that amount sufficient to provide at lease 20 
moles, preferably at least about 50 moles, and more preferably at 
least about 100 moles of free triarylphosphine per mole of rhodium 
present in said hydroformylation medium. Again the upper limit of 
20 the amount of free triarylphosphine is not particularly critical 
and would be dictated largely by commercial and economic consider- 
ations . 

In the same vein the solvents for the rhodium complex 
concentrate employed to prepare the novel hydroformylation medium 
of this invention can of course be any solvent which is also 
suitable for use in the hydroformylation reaction discussed above. 
Illustrative solvents encompass those described in U. S . P . 3 , 527 , 809 , 
and more preferably include aldehydes corresponding to the alde- 
hyde products desired to be produced by said hydroformylation 
reactions (such as n-butyraldehyde) and/or higher boiling liquid 
aldehyde condensation products corresponding to the high boiling 
liquid aldehyde condensation product mixtures produced in situ 
during said hydroformylation reaction such as discussed above 
(e.g. butyraldehyde trimers) . While 
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hydrofonnylation reactions initially effected in the 
presence cf said aldehyde product solvents will 
immediately begin forming said higher boiling aldehyde 
condensation products during the reaction such con- 
densation products can be preformed if desired, and 
used accordingly. The amount of such solvents employed 
of course need only be that amount sufficient to provide 
the hydroformylation medium (along with the rhodium 
complex concentraxe and tr iarylphosphine ) with the 
10 particular rhodium concentration desired for said 

medium, such as that already disclosed above, and which 
will furnish the basis for at least that catalytic 
acouat of rhodium necessary to catalyze the particular 
hydrof orcylation process desired. In general the amounts 
of solvent may range from as little as about 5 percent 
be weight up to about 95 percent by weight or more 
based on the total weight of the hydrof ormylat ion medium. 

It has further been surprisingly found that 
washing the above discussed novel reactivated hydro- 
20 fcrmylation mediums of this invention prior to their 

use in a hydrof ormylation process, with water or more 
preferably an aqueous alkaline solution, can lead to 
an even further increase in the rate of hydrof ormylat ion 
activity above that obtained using such reactivated hydro- 
formylation mediums that have not been so washed. It is. 
to be noted that such a washing procedure, unlike that 
in U.S. P. 3,555,098, is not being used herein for the 
purpose of extracting retarding acids that may accumulate 
in a hydrof ormylation process. For some reason unknown 
at tbe present time, such a washing procedure as employed 
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herein, apparently increases the rate of conver- 
sion of at least some of the larger rhodium species 
present in the regenerated rhodium complex concentrate 
into more catalytically active smaller rhodium species 
thereby increasing the rate of hydroformylation compared 
to that obtained when said washing procedure has not been 
employed. 

Accordingly, it is generally preferred to wash 
said novel hydroformylation mediums with water or more 
preferably with an aqueous alkaline solution prior to using 
same in a hydroformylation reaction. Said washing pro- 
cedure merely comprises washing the resultant novel 
hydroformylation medium with water or an aqueous alkaline 
solution; allowing the resultant mixture to settle into 
two distinct liquid phases; and separating the aqeuous 
phase from the non- aqueous washed hydroformylation medium 
phase . 

Suitable alkaline materials for the aqueous 
alkaline solution include e.g. the alkali metal, 
alkaline earth metal and ammonium hydroxides and 
carbonates, such as sodium bicarbonate, sodium carbonate, 
sodium hydroxide, potassium hydroxide, lithium hydroxide, 
cesium hydroxide, barium hydroxide, calcium hydroxide, 
ammonium hydroxide, and the like. The concentration of 
the alkaline material in the aqueous wash can be varied 
up to the limit of the solubility of the particular 
alkaline material employed. Preferably the alkaline 
material is employed as aqueous solutions containing 
from about 0.1 to about 10 weight percent of the alkaline 
material. The more preferred aqueous alkaline solutions 
are about 5 to 10 percent by weight solutions of sodium 
bicarbonate . 
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The washing is effected by simply mixing the 
aqueous alkaline solution with the hydrof ormylat ion 
medium to be treated. The washing may be conducted in 
air or under nitrogen, at atmospheric pressure or elevated 
pressures and at temperatures of from 25.°C. to about 
100°C. Preferably the washing is done at atmospheric 
pressure and at a temperatue of about 25 to 65°C. 
The washing is normally completed within a matter of 
. minutes, e.g. 1 tc 10 minutes. The amount of washing 
10 medium employed is not narrowly critical and may range 

from about 0.1 to about 1 parts by volume per part of 
hydroformylation medium treated. In general it is most 
preferred to wash the hydroformylation medium with about 
0.1 to 0.5 parts by volume of about a 5 weight percent 
aqueous sodium bicarbonate solution. Moreover, if 
desired, and such is normally preferred, after the 
hydroformylation medium has been washed with the aqueous 
alkaline solution and the aqueous alkaline solution 
removed, the hydroformylation medium can then be further 
20 washed one or more times with water to insure removal 

of any excess amount of the base compound employed in 
the initial alkaline wash. Of course, it is obvious 
that the water employed in such subsequent washings 
must also be separated from the hydroformylation medium 
prior to its use in a hydroformylation process and that 
such can also be accomplished by simple phase separation 
as described above. 
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Further as pointed out above the present 
invention also provides an improved process for pro- 
ducing aldehydes by hydroformylation or an olefin 
with hydrogen and carbon monoxide in the presence of 
a soluble rhodium complex catalyst and at least 10 
moles of free triarylphosphine per mole of catalyt ically 
active rhodium, the improvement which comprises employing * 
as a source of rhodium for said catalyst, a rhodium complex 
concentrate having been produced from a spent 

10 hydroformylation reaction medium in the manner already 

herein described above. 

The particular hydroformylation reactions en- 
compassed by this invention, which can employ said rhodium 
complex concentrates in any manner desired, such as 
already herein disclosed above, as a source of rhodium 
for the rhodium complex catalyst, as well as the reaction 
conditions of such hydroformylation reactions are not 
critical features of this invention and such are well 
known as seen already herein discussed above. The 

20 preferred hydroformylation processes are taught in U.S. P. 

3,527,809, and U.S. Applications Serial No. 762,335 and 
776,934. 

Such hydroformylation processes involve pro- 
ducing aldehydes, preferably rich in their normal isomers, 
by reacting an olefin with hydrogen and carbon monoxide 
gas in a liquid reaction medium which contains a soluble 
rhodium complex catalyst and at least 10 moles of free 
triarylphosphine per mole of catalytically active rhodium 
and wherein the reaction conditions consist essentially 
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of (1) a temperature in the range of from about 50"C. 
to 145 'C. preferably from about 90«C. to about 120«C,: 
(2) a total gas pressure of hydrogen, carbon monoxide 
and olefin of less than about 1500 psia., preferably 
less than about 400 psia and more preferably less than 
about 350 psia.; (3) a carbon monoxide partial pressure 
of less than about 100 psia., preferably from about 1 
to about 50 psia.; and (4) a hydrogen partial pressure 
of less than about 400 psia., preferably from about 20 
to about 200 psia. Moreover, it is generally preferred 
chat the amount of free triarylphosphine present is at 
least abouc 50 moles, and more preferably at leasr about: 
100 moles per mole of catalytically active rhodium. 

The olefins that may be hydrof ormylated by 
Che process of this invention are veil known in the art 
and may contain from 2 to 20 carbon atoms . In general 
it is preferred to hydrof ormylate alpha-olef ins having 
from 2 to 20 carbon atoms and more preferably alpha- 
olef ins having from 2 to 6 carbon atoms, such as ethylene, 
propylene, 1-butylene, 1-pentylene, 1-hexylene. and the 
like. Said olefins used in Che process of this invention 
My be straight-chained or branched -chain and may contain 
groups or substituents vhich do noc essentially interfere 
with the course of the hydrof ormylation reaction such as 
generically taught in the above discussed prior art, 
especially B.S.P. 3,527.809. The process of the present 
invention is especially useful for the hydrof ormylation 
of propylene to form butyraldehydes having a high normal 
to iso ratio. 
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The tnarylphosphines which may be employed 
in che hydroformylation process of this invention are 
also well known as seen by che above discussed prior art 
and illustrative examples of such criarylphosphines are 
sec forch above. The most preferred Criarylphosphine 
is triphenylphosphine. 

The rhodium complex catalyst of the hydro- 
formylation processes of this invention includes any 
rhodium complex catalyst which employs as a source of 
rhodium for said catalyse, a rhodium complex concentrate 
having been produced from a spent hydrof ormylation 
reaction medium as described herein. Methods 
of employing said rhodium complex concentrates as the 
source of rhodium for said catalyses have already been 
described herein above. As Caughc in che prior art 
discussed above the active rhodium complex catalyst is 
generally formed in the reaction medium under the condi- 
tions of hydrof ormylation although it is also possible 
to preform such active catalysts from the rhodium complex 
concentrates employed in this invention. Accordingly, 
as in the case of the prior art discussed above the rhodium 
complex catalysts may be described as consisting essen- 
tially of carbon monoxide and triarylphosphine . Of course, 
as already explained above the terminology "consisting 
essentially of" in said catalyst definition is not meant 
to exclude, but rather include hydrogen complexed with 
the rhodium^as well as, alkyl substituted phosphines 
. complexed with the rhodium when present in the reaction 
medium as a result of deliberate addition or in situ 
formation. 
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It is also preferred to effect the bydro- 
formylation reaction of this invention in a liquid 
phase in the reaction zone which contains the rhodium 
complex catalyst and, as a solvent theref ore, the 
higher boiling liquid aldehyde condensation products, 
such as already herein discussed above and taught in 
the above mentioned prior art. 

It is also generally preferred to carry out 
the hydrofor^ylation process of this invention in a 
continuous manner and particularly according to the 
continuous process that employs the gas recycle 
technique described in above discussed U.S. Applications, 
Serial Nos. 762,335 and 776,934. Said gas recycle 
invloves supplying to the liquid reaction medium a 
gaseous recycle stream containing at least hydrogen 
and unreached olefin, and also supplying make-up quanti- 
ties of carbon monoxide, hydrogen and olefin to said 
liquid reaction medium while removing from said liquid 
reaction medium a vapor phase mixture comprising 
unreacted olefin, hydrogen, vaporized aldehyde products 
and vaporized high boiling condensation products of said 
aldehydes, recovering said aldehyde and said aldehyde 
condensation products from said vapor phase mixture and 
forming said gaseous recycle steam, wherein the 
vaporized aldehyde condensation products are pre- 
preferably removed from said liquid reaction medium 
in said vapor phase mixute at a rate which is sub- 
stantially equal to the rate of their formation in 
said liquid reaction medium whereby the size of 
said liquid reaction mediuc is maintained substantially 
constant , 
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Of course, it is to be understood that the 
hydroformylation process of this invention can be 
carried out in the presence of additional materials, that 
are deliberately added to the hydroformylation reaction 
medium, if desired, for specific purposes or formed in situ 
during the hydrof ormylation process such as alkyl substi- 
tuted phosphines, and the like which have already been 
discussed above and are known in the art. 

Moreover it should be apparent that the 
amounts of the various individual components employed 
in the hydroformylation process of this invention 
are not narrowly critical to the operation of the 
present invention and that such general and preferred 
amounts have already been herein discussed above and 
can be readily found in the above described prior art. 

Finally, the aldehyde products of the hydro- 
formylation process this invention have a wide range of 
utility that is well known and documented in the prior 
art e.g. they are especially useful as starting materials 
for the production of alcohols. 

The following examples are illustrative of 
the present invention and are not to be regarded as 
limitative. It is to be understood that all of the 
parts, percentages and proportions referred to herein 
and in the appended claims are by weight unless "other- 
wise indicated. 
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EXAMPLE 1 

An externally heated twelve liter distillation 
flask equipped with a goose-neck condenser and connected 
to a vacuum pump was used to batch distill about 8736* 
grams of a spent hydrofonnylation reaction medium obtained 
from a continuous hydrofonnylation process of propylene 
with carbon monoxide and hydrogen to produce butyraldehyde 
in the presence of a rhodium complex catalyst consisting 
essentially of rhodium complexed 'with carbon monoxide and 
triphenylphosphine, and free triphenylphosphine, said medium 
containing less than 400 ppm rhodium, and whose catalytic 
activity had declined to about 30 percent of that of fresh 
catalyst. After charging said spent reaction medium to the 
flask the pressure in the flask was gradually reduced to about 
100 mm Hg. Heat was then applied to distill said spent 
reaction medium at temperatures of about 24°C. to about 
153°C. f while the pressure was further reduced to about 
0.5 mm Hg. during the distillation. After seven hdurs 
about 4373 grams of distillate (low-boilers) consisting 

mainly of butyraldehyde and essentially no rhodium had 
been collected. The residue in the flask consisted of 
about 4293 grams of the higher boiling components of 
said distilled spent reaction medium and contained 

essentially all of the rhodium of said catalyst. 

A sample of the distillation residue of said 
above described batch distillation was further concen- 
trated by distillation in a glass wiped- film evaporator 
which was heated to about 230-237 °C. with an electrical 
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heating tape and which was operated at about 0.4 - 
0.5 mm Hg.. An essentially rhodium free distillate 
of said sample feed was collected overhead. A highly 
viscous rhodium complex concentrate distillation 
residue was obtained from the bottom of the wiped-film 
evaporator at a rate of 19,8 grams per hour which was 
found to contain about 5749 ppm rhodium, which repre- 
sents essentially all of the rhodium (about 99.47.) 
contained in the feed sample and about 7.5 weight 
percent of triphenylphosphine , the remainder consisting 
essentially of triphenylphosphine oxide and higher 
boiling organic components e.g. aldehyde pentamers . 

About 15.6 grams of said rhodium complex 
concentrate distillation residue obtained from the 
thin- film evaporator was diluted with about 15 grams 
of triphenylphosphine and about 260 grams of Texano 
a mixture of butyraldehyde trimers , to produce a solution 
containing about 298 ppm rhodium and 4.6 weight percent 
triphenylphosphine (about 61 moles of free triphenyl- 
phosphine per mole of rhodium) . A sample of said 
solution was then used to catalyze the hydrof ormylation 
of propylene in a stirred autoclave reactor at about 
100°C. under about 75 psi, of carbon monoxide, hydrogen 
and propylene in a 1:1:1 mole ratio. The activity of 
the rhodium complex catalyst of said process which employed 
said concentrate as its source of rhodium was found to be 
about 52 percent as compared to the activity of fresh 
rhodium complex catalyst under the same conditions. 
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Another sample of said diluted rhodium 
complex concentrate solution so prepared as described 
above was first washed with a 5 weight percent aqueous 
solution of sodium bicarbonate and then with water and 
dried prior to being used in hydro formy la ting propylene 
under the same conditions as described above. In this 
instance the activity of the rhodium complex catalyst 
was found to have increased to about 81 percent as 
compared to the activity of fresh rhodium complex 
catalyst under the same conditions. 

EXAMPLE 2 

About a 4450 gram sample of a spent hydroformy- 
lation reaction medium obtained from a continuous hydro- 
formylation process of propylene with carbon monoxide and 
hydrogen to produce butyraldehyde in the presence of a 
rhodium complex catalyst consisting essentially of rhodium 
complexed with carbon monoxide and triphenylphosphine, and 
free triphenylphosphine. said medium containing less than 

400 ppm rhodium, and whose catalytic activity had declined to 
about 30 percent of that of fresh catalyst was distilled 
in a glass wiped- film evaporator which had been heated to 
about 160-175 °C. with an electrical heating tape while the 
pressure was maintained at about 7-10 mm Hg. An essent- 
ially rhodium free distillate consisting essentially of 
butyraldehyde and otner low boiling components was 
collected at a rate of 128 grams per hour . In addition 
a total of about 3567 grams of a distillation residue 
consisting of the higher boiling components of the 
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distilled spent medium and essentially all of the 
rhodium of the feed sample was collected at the bottom 
of the evaporator at a rate of about 526 grams per hour. 

Said distillation residue obtained as described 
above was further concentrated by reintroducing the 
residue for a second pass through the evaporator which 
had been heated to about 233-242°C. and which was operated" 
at about 0.5-1.2 mm Hg . . An essentially rhodium free 
distillate of said sample feed was collected overhead. 
In addition a highly viscous rhodium complex concentrate 
distillation residue was obtained from the bottom of the 
wiped-film evaporator which was found to contain about 
13,227 ppm rhodium, which represents more than 99.97* of 
the rhodium contained in the residue feed, and less than 
5 percent of triphenylphosphine , the remainder consisting 
essentially of triphenylphosphine oxide and higher 
boiling organic components e.g. aldehyde pen tamers . 

A sample of said rhodium complex concentrate 
distillation residue containing about 13,227 ppm rhodium 
was diluted with sufficient triphenylphosphine and 
sufficient Texanol© to produce a solution containing 
about 328 ppm rhodium and about 5 weight percent tri- 
phenylphosphine (about 60 moles of free triphenylphosphine 
per mole of rhodium) . A sample of said solution was then 
used to catalyze the hydrof ormylation of propylene in a 
stirred autoclave reactor at about 100 °C. under about 75 
psij of carbon monoxide, hydrogen and propylene in a 
1:1:1 mole ratio. The activity of the rhodium complex 
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catalyst of said process which employed said concentrate 
as its source of rhodium was found to be about 57 percent 
as compared to the activity of fresh rhodium complex 
catalyst under the same conditions • 

Another sample of said diluted rhodium 
complex concentrate solution so prepared as described 
above was first washed with a 5 weight percent aqueous 
solution of sodium bicarbonate and then with water and 
dried prior to being used in hydrof ormylating propylene 
under the same conditions as described above. In this 
instance the activity of the rhodium complex catalyst 
was found to have increased to about 85 percent as 
compared to the activity of fresh rhodium complex 
catalyst under the same conditions. . 

EXAMPLE 3 

By way of comparison of a spent hydrof ormylation 
reaction medium obtained from a continuous hydrof ormylation 
process of propylene with carbon monoxide and hydrogen to 
produce butyraldehyde in the presence of a rhodium complex 
catalyst consisting essentially of rhodium complexed with 
carbon monoxide and triphenylphosphine, and free triphenyl- 
phosphine, said medium containing less than 400 ppm rhodium, 
and whose catalytic activity had declined to about 30 per- 
cent of that of fresh catalyst, was batch distilled at about 
100° C. and about 10 mm Hg. to remove mainly only the buty- 
raldehyde products and lower boiling components of the medium. 

A sample of the distillation residue obtained 

from the above distillation process was then used to 
catalyze the hydrof ormylation of propylene in a stirred 
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autoclave reactor at about 100°C. under about 75 psi. 
of carbon monoxide, hydrogen, and propylene in a 1:1:1 
nole ratio. The activity of the rhodium complex catalyst 
of said process was found to be about 29 percent as 
compared to the activity of fresh rhodium complex catalyst 
under the sane conditions . 

Another sample of said distillation residue 
so obtained as described above was first washed with a 
5 weight percent aqueous solution of sodium bicarbonate 
and then with water and dried prior to being used. in 
hydro foray la ting propylene under the same conditions as 
described above. In this instance the activity of the 
rhodium complex catalyst was found to regain about the 
sane, that is about 34 percent as compared to the activity 
of fresh rhodium conplex catalyst under the same conditions. 

EXAHPLE 4 

About 4224 grams of a spent hydrcfcmyla ticn 
reaction medium obtained from a continuous hydrof orxyiaticn 
process of propylene with carbon monoxide and hydrogen to 
produce butyr aldehyde in the presence of a rhodium complex 
catalyst consisting essentially of rhodium cocplexed with 
carbon monoxide and triphenylphosphine , and free triphenyl- 
phosphine, said medium containing less than 400 ppm 
rhodium, and whose catalytic activity had declined to 
about 23 percent of that of fresh catalyst was charged 
to a 5 liter glass distillation vessel equipped with a 
twenty tray column and distilled at about 25 to about 
185 °C. and at about 0.7 to 50 ma Kg. The essentially 
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rhodium free distillate consisted essentially of mixed 
butyraldehydes and other low boiling components. 

About 85 grans of the residue of said above 
distillation was then charged to a high vacuum distil- 
lation apparatus equipped with a three stage oil diffusion 

pump and a mechanical vacuum pump. The mechanical pump 

-2 

was engaged and the pressure was reduced to about 5x10 
mm Hg. Then the diffusion pump was engaged and the 
pressure was further reduced to about SxlO' 3 to 6xlO" 5 
10 mm Hg. Heat was then applied with an electrical heating 

tape and distillation began at about 50°C. The tempera- 
ture of the distillation was gradually increased to 
about 93°C. The essentially rhodium free distillate, 
so removed, consisted essentially of butyraldehyde 
trimers, other high boiling butyraldehyde condensation 
products and triphenylphosphine . In addition a rhodium 
complex concentrate residue was obtained which was found 
to contain about 2208 F?m rhodium, which represents more 
than 97 percent of the rhodium in the spent medium feed, 
20 and a minor amount (about 0.2 area percent by gas 

chromatography analysis) of triphenylphosphine, the 
remainder consisting essentially of triphenylphosphine 
oxide and higher boiling organic components, e.g. 

aldehyde pentamers . 

A sample of said rhodium complex concentrate 
residue so obtained was diluted with sufficient triphenyl- 
phosphine and Texanol®to produce about a 50 ml. hydro- 
formylation solution containing about 303 ppm rhodium 
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and about 5.3 weight percent triphenylphosphine (about 
69 moles of free triphenylphosphine per mole of rhodium) . 
A sample of said solution was then used to catalyze the 
hydro formy la tion of propylene in a stirred autoclave 
reactor at about 100°C. under about 75 psi. of carbcn 
monoxide, hydrogen and propylene in a' 1:1:1 mole ratio. 
The activity of the rhodium complex catalyst of said 
process which employed said concentrate as its source 
of rhodium was found to be about 39 percent as compared 
to the activity of fresh rhodium complex catalyst under 
~® the same conditions . 

Another sample of said diluted rhodium complex 
concentrate solution so prepared as described above was 
first washed with a 5 weight percent aqueous solution of 
sodium bicarbonate and then with water and dried prior 
to being used in hydrof ormylating propylene under the saz=e 
conditions as described above. In this instance the 
activity of the rhodium complex catalyst was found to have 
increased to about 71 percent as compared to the activity 
of fresh rhodium complex catalyst under the same conditions, 

20 

EXAMPLE 5 

About a 169 gram sample of the essentially 
butyraldehyde free residue obtained from the initial 
distillation stage (25 to 185°C; 0.7 to 50 mm Hg.) of 
Example 4 above was charged to a vacuum distillation 
apparatus equipped with a three stage oil diffusion pump 
and a mechanical vacuum pump. The distillation was 
conducted at about 100°C. and at about 5xl0" 5 mm Kg. 
About 147 grams of a distillate consisting essentially 
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of about 36 ppm rhodium, butyr aldehyde trioers , other 
high boiling butyraldehyde condensation products and 
triphenylphosphine was obtained. In addition about 
15 grams of a highly viscous rhodium complex concentrate 
residue was also obtained which was found to contain 
about 3362 ppm rhodium and a minor amount of triphenyl- 
phosphine, the remainder consisting essentially of 
triphenylphosphine oxide and higher boiling organic 
components, e.g. aldehyde pen tamer s . 
10 a sample of said rhodium complex concentrate 

residue so obtained was diluted with sufficient tri- 
phenylphosphine and TexanoP to produce about a 50 ml. 
hydrof ormylation solution containing about 306 ppm 
rhodium and about 5.0 weight percent triphenylphosphine 
(about 64 moles of free triphenylphosphine per mole of 
rhodium) . A sample of said solution was then used to 
catalyze the hydrof ormylation of propylene in a stirred 
autoclave reactor at about 100 C C. under about 75 psi. 
of carbon monoxide, hydrogen and propylene in a 1:1:1 
20 mole ratio. The activity of the rhodium complex 

catalyst of said process which employed said concentrate 
as its source of rhodium was found to be about 49 percent 
as compared to the activity of fresh rhodium complex 
catalyst under the same conditions. 

Another sample of said diluted rhodium complex 
concentrate solution so prepared as described above was 
first washed with a 5 weight percent aqueous solution 
of sodium bicarbonate and then with water and dried prior 
to being used in hydrof ormylating propylene under the 
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sane conditions as described above. In this instance 
the activity of the rhodium complex catalyst was found 
to have increased to about 77 percent as compared to 
the activity of fresh rhodium complex catalyst under 
the same conditions . 

EXAMPLE 6 

A sample of a spent hydroformylation reaction 
medium obtained from a continuous hydro f ormy lation pro- 
cess of propylene with carbon monoxide and hydrogen to 
produce butyraldehyde in the presence of a rhodium corplex 
catalyst consisting essentially of rhodium complexed with 
carbon monoxide and triphenylphosphine, and free triphenyl- 
phosphine, said medium containing less than 4C0 ppm 
rhodium, and whose activity had declined to about 30 
percent of that of fresh catalyst was charged to a roto 
evaporator and distilled -under reduced pressure and at 
an elevated temperature so as to remove essentially only 
the butyraldehydes and other low boiling aldehyde 
condensation products from said medium as the distillate. 
About 190 grams of the essentially butyraldehyde- f ree 
residue obtained from said above distillation was then 
charged to a high vacuum distillation apparatus equipped 
with a three stage oil diffusion pump and a mechanical 
vacuum pump. The last traces of butyraldehydes were removed 
at ambient temperature and reduced pressures . Then the 
pressure was reduced further to about 2.5x10 mm Kg. The 
diffusion pump was engaged and the still temperature was 
gradually increased to 100°C. at about 6xl0~ 5 mm Kg. After 
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about 48 hours, the distillation was stopped. The 
distillate, so removed, was found to consist essentially 
of about 7 ppm rhodium, butyraldehyde trimers , other high 
boiling aldehyde condensation products and triphenyl- 
phosphine. In addition a highly viscous rhodium complex 
concentrate residue was obtained which was found to con- 
tain about 4766 ppm rhodium and a minor amount of tri- 
phenylphosphine, the remainder consisting essentially 
of triphenylphosphine oxide and higher boiling organic 
components, e.g. aldehyde pentamers . A sample of said 
rhodium comnlex concentrate residue so obtained was 
diluted with sufficient triphenylphosphine and Texanor^-' 
to produce about a 50 ml. hydro formy la t ion solution 
containing about 299 ppm rhodium and about 5.2 weight 
percent triphenylphosphine (about 68 moles of free 
triphenylphosphine per mole of rhodium) . A sample of 
said solution was then used to catalyze the hycroform yl- 
ation of propylene in a stirred autoclave reactor at 
about iO0°C. under about 75 psi. of carbon monoxide, 
hydrogen and propylene in a 1:1:1 mole ratio. The 
activity of the rhodium complex catalyst of said process 
which employed said concentrate as its source of rhodium 
was found to be about 71 percent as compared to the 
activity of fresh rhodium complex catalyst under the 
same conditions . 

Another sample of said diluted rhodium complex 
concentrate solution so prepared as described above was 
first washed with a 5 weight percent aqueous solution of 
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sodium bicarbonate and then with water and dried prior 
to being used in hydrof ormylating propylene under the 
same conditions as described above. In this instance 
the activity of the rhodium complex catalyst was found 
to have increased to about 87 percent as compared to the 
activity of fresh rhodium complex catalyst under the 
same conditions . 

EXAMPLE 7 

About 865 pounds of a spent hydrof ozrmylation 
reaction medium obtained from a continuous hydrof ormyl- 
ation process of propylene with carbon monoxide and 
hydrogen to produce butyraldehyde in the presence of a 
rhodium complex catalyst consisting essentially of rhodium 
complexed with carbon monoxide and triphenylphosphine , and 
free triphenylphosphine, said medium containing less than 
400 ppm rhodium, and whose catalytic activity had declined to 
about 30 percent of that of fresh catalyst, was fed to 
a standard wiped-f ilm evaporator at feed rates ranging 
from about 135 to about 322.5 pounds per hour and 
distilled in said evaporator which had been heated with 
oil at temperatures ranging from about 207 to about 243 °C. 
and \onder pressures ranging from about 100 to about 150 
mm Hg. The distillate collected overhead consisted 

essentially of mixed butyraldehyde products and other 
low boiling aldehyde condensation products, while the 
distillation residue so obtained contained practically 
all of the rhodium and triphenylphosphine present in 
tne spent medium feed. 
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The distillation residue so collected was 
further concentrated by refeeding said residue to the 
wiped-film evaporator at feed rates ranging from about 
147.5 to about 281.3 pounds per hour, while the evaporator 
was heated at temperatures ranging from about 232 to 
about 290°C. and under pressures ranging from about 3 . 1 
to about 6.0«Hg. A free-flowing fluid 
distillate consisting essentially of butyraldehyde 
triaers, other high boiling aldehyde condensation 
10 products and triphenylphosphine was removed overhead. 

In addition a composite residue was obtained from the 
evaporator which contained about 912 ppm rhodium and 
which also consisted essentially of butyraldehyde 
trimers, other higher boiling aldehyde condensation 
products, triphenylphosphine and triphenylphosphine 
oxide. Samples of the individual rhodium complex 
concentrate residues that made up said composite residue 
were collected periodically and were found to have 
concentrations of rhodium ranging from about 1600 to 
20 about 2700 ppm rhodium. Higher values of rhodium were 

found in said samples since the sampling was not 
initiated until the conditions in the wiped- film 
evaporator had reached equilibrium. 

A portion of one of said individual rhodium 
complex concentrate samples so obtained containing about 
2665 ppm rhodium was diluted with sufficient triphenyl- 
phosphine and Texanol®to produce a hycroformylaticr. 
solution containing about 295. ppm rhodium and about 5.0 
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weight percent triphenylphosphine ( about 67 moles Qf 
triphenylphosphine per mole of rhodium) . A portion of 
said solution was then used to catalyze the hydro- 
formylation of propylene in a stirred autoclave reactor 
at about 100-C. under about 75 psi. of carbon monoxide, 
hydrogen and propylene in a 1:1:1 mole ratio. The 
activity of the rhodium complex catalyst of said process ' 
which employed said concentrate as its source of rhodium 
was found to be about 74 percent as compared to the 
activity of fresh rhodium complex catalyst under the 
sane conditions . 

Another portion of said diluted rhodium complex 
concentrate solution so prepared as described above was 
first washed with a 5 weight percent aqueous solution of 
sodium bicarbonate and then with water and dried prior to 
being used in hydroformylating propylene under the same 
conditions as described above. In this instance the 
activity of the rhodium complex catalyst was found to be 
about 67 percent as compared to the activity of fresh 
rhodium complex catalyst under the same conditions. 

EXAMPLE 8 

The composite residue product containing about 
912 ppm rhodium of Example 7 was further concentrated by 
refeeding said residue to the wiped-film evaporator at 
feed rates ranging from about 117.5 to about 153.8 pounds 
per hour while the evaporator was heated at temperatures 
ranging from about 275 to 279 «C. and under pressures 
ranging from about 2 . 9 to 3 . 9 mm Kg . An essentially 
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rhodium free distillate consisting essentially of 
butyraldehyde tri=ers , other high aldehyde condensation 
products and triphenylphosphine was removed overhead. 
In addition a more concentrated composite residue than 
that of the feed material was obtained from the evaporaicr 
which contained practically all of the rhodium of the 
feed material and which also consisted essentially of 
triphenylphosphine oxide and higher boiling aldehyde 
condensation products (e.g. butyraldehyde pentamers). 
10 Samples of the individual rhodium complex concentrate 

residues that made up said more concentrated composite 
residue were collected periodically and these samples 
were found to have concentrations of rhodium ranging 
from about 6500 to about 11,600 ppm rhodium. 

A portion of one of said individual rhodium 
' complex concentrate samples so obtained containing about 
6481 ppm rhodium was diluted with sufficient triphenyl- 
phosphine and Texancr^to produce a hydroformylation 
solution containing about 340 ppm rhodium and about 5.0 
weight percent triphenylphosphine (about 58 moles of free 
20 triphenylphosphine per mole of rhodium) . A portion of 

said solution was then used to catalyze the hydro- 
formylation of propylene in a stirred autoclave reactor 
at about 100 °C. under about 75 psi. of carbon monoxide, 
hydrogen and propylene in a 1:1:1 mole ratio. The 
activity of the rhodium complex catalyst of said process 
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which employed said concentrate as its source of 
rhodium was found to be about 76 percent as compared 
to the activity of fresh rhodium complex catalyst under 
the sane conditions . 

Another portion of said diluted rhodium complex 
concentrate solution so prepared as described above was 
first washed with a 5 weight percent aqueous solution 
of sodi inn bicarbonate and then with water and dried 
prior to being used in hydrof ormylating propylene under 
the same conditions as described above* In this instance 
the activity of the rhodium complex catalyst was found 
to be about 80 percent as compared to the activity of 
fresh rhodium complex catalyst under the same conditions. 

EXAMPLE 9 

A portion of one of said individual rhodium 
complex concentrate samples obtained as described in 
Example 8 above and containing about 11 , 588 ppm rhodium 
was diluted with sufficient triphenylphosphine and 
Texano to produce a hydrof ormylation solution containine 
about 326 ppm rhodium and about 5.0 weight percent tri- 
phenylphosphine (about 68 moles of free triphenylphosphine 
per mole of rhodium) . 

A portion of said solution was then used to 
catalyze the hydrof ormylation of propylene in a stirred 
autoclave reactor at about 100°C. under about 75 psi 
of carbon monoxide, hydrogen and propylene in a 1:1:1 
mole, ratio. The activity of the rhodium complex 
catalyst of said process which employed said concentrate 
as its source of rhodium was found to be about 67 percent 
as compared to the activity of fresh rhodium complex 
catalyst under the same conditions. 
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Another portion of said diluted rhodium 
complex concentrate solution so prepared as described 
above was first washed with a 5 weight percent aqueous 
solution of sodium bicarbonate and then with water and 
dried prior to being used in hydrof ormylacing propylene 
under the sane conditions as described above. In this 
instance the activity of the rhodium complex catalyst 
vas found to have increased to about 83 percent as 
compared to the activity of fresh rhodium complex 
10 catalyst under the same conditions. 

EXAMPLE 10 

By way of comparison a sample of the sane 
spent hydroformylation reaction medium initially employed 
in Example 7 above, was used to catalyze the hydro- 
formylation of propylene in a stirred autoclave reactor 
' at about 100"C. under about 75 psi. of carbon monoxide, 
hydrogen and propylene in a 1:1:1 mole ratio. The 
activity of the rhodium complex catalyst of said process 
was found to be about 30 percent as compared to the 
20 activity of fresh rhodium complex catalyst under the 

same conditions . 

Another sample of said spent hydroformylation 
reaction medium was first washed with a 5 weight percent 
aqueous solution of sodium bicarbonate and then with 
water and dried prior to being used to hydroformylate 
propylene under the same conditions as described above. 
In this instance the activity of the rhodium complex 
catalyst was found to be about 40 percent as compared 
to the activity of fresh rhodium complex catalyst ur.der 
the same conditions . 
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EXAMPLE 11 

A 17.3 gran sample of the same individual 
rhodium complex concentrate sample obtained as described 
in Example 8 above and containing about 11,588 ppm rhodium, 
was mixed with about 120 grams of triphenylphosphine and 
about 862.7 grams of Texano^ to produce a hydroformylation 
solution containing about 211 ppm rhodium and about 12.3 ' 

percent triphenylphosphine (about" 236 moles of free 
triphenylphosphine per mole of rhodium) . Said hydro- 
formylation so prepared was then washed with a 5 weight 
percent aqueous solution of sodium bicarbonate and then 
with water and dried. 

About an 800 ml. portion of said hydroformyl- 
ation solution, washed as described above, was then 
charged to a continuous gas recycle reactor and used 
in the hydroformylation of propylene with carbon 
monoxide and hydrogen at about 105 °C. and about 230 psi, 
of total gas pressure in the reactor. After 
one day of operation the activity of the rhodium complex 
catalyst of said hydroformylation was found to be about 
71 percent as compared to the activity of fresh rhodium 
complex catalyst after one day under the same conditions. 
After 7 days of operation the activity of the rhodium 
complex catalyst of said hydroformylation was found to 
be about 87 percent as compared to the activity of fresh 
rhodium complex catalyst after 7 days under the same 
conditions . After 17 days of operation the activity 
of the rhodium complex catalyst of said hydroformylation 
was found to be about 85 percent as compared to the 
activity of fresh rhodium complex catalyst after 17 
days xinder the same conditions. 
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EXAMPLE 12 

A 3.5 gran sample of the sane individual 
rhodium complex concentrate sample, obtained as 
described in Example 8 above and containing about 
11,588 ppm rhodium was mixed with about 24 grams of 
triphenylphosphine and about 172.5 grams of Texanol • 
co produce a hydroformylation solution containing about 
200 ppm rhodium and about 12 weight percent triphenyl- 
phosphine (about 236 moles of free triphenylphosphine 

per mole of rhodium) . 

About a 20 ml. portion of said hydroformylation 
solution was then charged to a continuous single-pass 
reactor and used in the hydrof ormylation of propylene 
with carbon monoxide and hydrogen at about 105 °C. and 
about 165 psi. of total gas pressure in the reactor. 
After one day of operation the activity of the rhodium 
complex catalyst of said hydrof ormylation was found to 
be about 88 percent as compared to the activity of fresh 
rhodium complex catalyst after 1 day under the sane 
conditions. After 23 days of operation the activity 
the rhodium complex catalyst of said hydroformylation 
was found to be essentially the same as compared to the 
activity of fresh rhodium complex catalyst after 23 days 
under the same conditions . 

Another sample of said hydroformylation 
solution so prepared as described above was first washed 
with' a 5 weight percent aqueous solution of sodiua 
bicarbonate and then with water and dried prior tc 
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being used in the hydrof ormylation of propylene under 
the same conditions as described above. After 1 day of 
operation the rhodium complex catalyst of said hydro- 
formylation was found to have an activity of about 87 
percent compared to the activity of fresh rhodium 
complex catalyst after 1 day under the same conditions. 
After 23 days of operation the rhodium complex catalyst -' 
of said hydrof ormylation was found to be essentially 
the same as compared to the activity of fresh rhodium 
complex catalyst after 23 days under the same conditions. 

EXAMPLE 13 

A portion of one of said individual rhodium 
complex concentrate samples obtained as described in 
Example 7 above, and containing about 2419 ppm rhodium, 
was diluted with sufficient triphenylphosphine and 
Texano]® to produce a hydrof ormylation solution containing 
about 230 ppm rhodium and about 5.0 weight percent 
triphenylphosphine (about 85 moles of triphenylphosphine 
per mole of rhodium) . 

A series of individual samples of said hydro- 
formylation solution were then -washed with water or 5 
weight percent solutions of various base materials 
followed by a water wash to insure removal of the base 
material employed. Each washed solution was dried and 
then used to catalyze the hydrof ormylation of propylene 
in a stirred autoclave reactor at about 100 °C. under 
about 75 psi. of carbon monoxide, hydrogen and propylene 
in a 1:1:1 mole ratio. The relative activity of each 
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sample solution, prior to washing and after washing, 
is given in TABLE 1 below, as compared to the arbitrary 
relative activity value of 1.00 assigned to said sample 
solution prior to washing. 



TA3LEI 



Samole No . 


Uashine Asent 


oH 


Relative 


1 


None 




1.00 


2 


H 2 0 


7.7 


1.09 


3 


NaHC0 3 


9.0 


1.15 


4 


Na 2 C0 3 


11.4 


1.11 


5 


KOK 


13.0 


1.20 



EXAMPLE 14 

A series of samples of one of said individual 
rhodium complex concentrate samples obtained as described 
in Example 8 above, and containing about 6481 ppm rhodium 
vere heated at about 160'C. for 2. 4, 8, and 16 minutes. 
An initial unheated sample and each heated sample of 
said concentrate were then diluted with sufficient triphenyl- 
phosphine and Texano^ to produce hydrof ormylation 
solutions containing about 300 ppm rhodium and about 5 
weight percent triphenylphosphine (about 66 moles of 
free triphenylphosphine per mole of rhodium) . A portion 
of each solution so prepared was then used to catalyze 
the hydro formy la tion of propylene in a stirred auto- 
clave reactor at about 100°C under about 75 psi. of 
carbon monoxide, hydrogen and propylene in a 1:1:1 mole 
ratio. Another portion of each solution so prepared was 
first washed with a 5 weight percent aqueous solution 
of sodium bicarbonate and then with water and dried prior 
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to being used in hydrofornylating propylene under the 
same conditions as described above. The relative rate 
of activity of each sample solution, prior to washins 
and after washing, is given in Table II belov, as coin- 
pared to the arbitrary relative activity value of 1.00 
assigned to said sample solutions derived from the 
unheated rhodiuir. complex concentrate. 

TABLE II 

JJ ra ?fin»r £ elaC i V ^ Acc i v ity Relative Activitv 

at 160 C Rate Before Race Afte- 

Minutes Wash 



Wash 



0 1.00 

2 0.94 

4 0.92 

8 0.89 

16 0.85 



1.00 
0. 97 
0.97 
0. 93 

0. 84 



It should be noted that the concentrates of 
Examples 2, 7 to 9, 11 and 12 were stored in the presence 
of air for three to four months before their activity was 
measured and that it is now considered that the activity 
values given in said Examples may have benefited at least 
in part to air being diffused into said concentrates 
during their preparation and/or their prolonged exposure 
to air, since subsequent concentrates prepared in a thin 
film evaporator according to this invention and tested on 
the same day or soon after preparation were found, when 
tested in the same manner, to give activity ratings of from 
about 45 to 55 percent before washing and about 55 to 70 
percent after washing as compared to the activity of fresh 
rhodium complex catalyst. 
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EXAMPLE 15 ^ 

A 655 gram sample of a spent hydrof ormylation 

reaction medium obtained from a continuous hydrofor- 

mylation process of propylene with carbon monoxide and 

hydrogen to produce butyraldehyde in the presence of a 

rhodium complex catalyst consisting essentially of 

rhodium coinplexed with carbon monoxide and triphenyl- 

phosphine, and free triphenylphosphine , said medium 

containing less than 400 ppm rhodium, and whose 

catalytic activity had declined to about 30 percent of 

that of fresh catalyst was concentrated in a Arthur F. 

Smith lab scale thin-film evaporator which was operated 

at an outer wall temperature of about 141-155°C. and at 

0.4-0.25 mm. Hg. The feed rate was about 546 g./hr. and 

about 153 grams of an essentially rhodium free distillate 

consisting essentially of butyraldehyde and other lov: 

boiling components was collected overhead. The tails or 

distillation residue of said first pass consisting of the 

higher boiling components of the distilled spent mediurr. 
and essentially all of the rhodium of the original spent 

feed sample was collected and further concentrated by a 
second pass through the evaporator at 244-251°C. and about 
0.3 mm. Kg. at a feed rate of about 361 grams /hour. About 
492 grams of an essentially rhodium free distillate was 
collected overhead. In addition a highly viscous rhodium 
complex concentrate distillation residue was obtained froi?. 
the bottom of the evaporator which was found to contain 
about 5672 ppm rhodium and minor amounts of triphenyl- 
phosphine, the remainder consisting essentially, of triphenyl- 
phosphine oxide and higher boiling organic components, e.g. 
aldehyde pentamers . 
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On the same day that said rhodium complex 
concentrate distillation residue containing about 5672 
ppm rhodium was prepared a sample of said concentrate 
; was diluted with sufficient triphenylphosphine and 

sufficient Texanol , to produce a brown solution contain- 
ing about 300 ppm rhodium and about 5 weight percent tri- 
phenylphosphine (about 65 moles of free triphenylphosphine 
per mole of rhodium) and a sample of said solution was 
then used to catalyze the hydroformylation of propylene 
in a stirred autoclave reactor at about 100 °C. under about 
75 psi of carbon monoxide, hydrogen and propylene in a 
1:1:1 mole ratio. The activity of the rhodium complex 
catalyst of said process which employed said concentrate 
as its source of rhodium was found to be about 34 percent 
as compared to the activity of fresh rhodium complex 
catalyst using rhodium dicarbonylacetylacetonate as the 
source of rhodium for said catalyst under the same 
conditions. 

Again on the same day another sample of said 
diluted rhodium complex concentrate solution so prepared 
as described above was first washed with a 5 weight per- 
cent aqueous solution of sodium bicarbonate and then with 
water and dried prior to being used in hydroformylating 
propylene under the same conditions as described above. 
In this instance the activity of the rhodium complex 
catalyst was found to have increased to about 57 percent 
as compared to the activity of said f^sh rhodium complex 
catalyst under the same conditions. 



20 



-74- 



•WI7183 



1$ 

Air was then bubbled through another sample 
of said above rhodium complex concentrate distillation 
residue containing about 5672 ppm rhodium prepared that 
same day for 64 hours at room temperature. The air 
treated sample was then on the same day it was prepared 
diluted to obtain a light brown solution containing about 
300 ppm rhodium and about 5 weight percent triphenyl- 
phosphine in the same manner as described above and a 
sample of said solution prepared from said air treated 
concentrate was then used to catalyze the hydrof ormylation 
of propylene under the same conditions as described above. 
The activity of the rhodium catalyst which employed said 
air treated concentrate as its source of rhodium was 
found to be about 62 percent as compared to the activity 
of said fresh rhodium complex catalyst under the same, 
conditions . 

On the same day another sample solution of said 
diluted air treated rhodium complex concentrate so pre- 
pared as described above was first washed with a 5 weight 
percent aqueous solution of sodium bicarbonate and then 
with water and dried prior to being used in hydro- 
f ormylating propylene under the same conditions as 
described above. In this instance the activity of the 
rhodium complex catalyst was found to have increased to 
about 82 percent as compared to the activity of said fresh 
rhodium complex catalyst under the same conditions. 

By way of comparison a sample of the original 
spent hydrof ormylation reaction medium (i.e. original- 
feed material employed in this Example) was used to 
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catalyze the hydrof onnylation of propylene under the 
same conditions as described above, as was another sample 
of said original starting spent hydrof ormylation medium 
after it had been washed with said aqueous solution of 
sodium bicarbonate solution and water and dried in the 
same manner as described above. The activity of the 
rhodium complex catalyst using the unwashed sample of 
spent hydrof onnylation medium as the source of rhodium 
for said catalyst was about 30 percent as compared to 
the activity of said fresh rhodium complex catalyst while 
the activity of the rhodium complex catalyst using the 
washed sample of spent hydrof onnylation medium as the 
source of rhodium for said catalyst was about 33 per- 
cent as compared to the activity of said fresh rhodium 
complex catalyst. 

EXAMPLE 16 

A 476 gram sample of a spent hydrof ormylation 
reaction medium obtained from a continuous hydroformylation 
process of propylene with carbon monoxide and hydrogen 
to produce butyraldehyde in the presence of a rhodium 
complex catalyst consisting essentially of rhodium 
complexed with carbon monoxide and triphenylphosphine , 
and free triphenylphosphine, said medium containing less 
than 400 ppm rhodium, and whose catalytic activity had 
declined to about 32 percent of that of fresh catalyst 
was concentrated in a Arthur F. Smith lab scale thin- 
film evaporator which was operated at an outer wall 
temperature of about 150°C. and at about 3 mm. Hg . The 
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spent -medium was fed over 90 minutes and about 385 grams 
of the-, distillation residue consisting of the higher 
boilinug components of the distilled spent medium and 
essentially all of the rhodium of the original spent 
feed ssample was collected. About 337 grains of said 
first -pass distillation residue was further concentrated 
by a ssecond pass through the evaporator at about 230- 
245°C and about 3 mm. Hg. over two hours to yield a 
highl— viscous rhodium complex concentrate distillation 
residue containing about 6739 ppm rhodium and a minor 
amoun= of triphenylphosphine , the remainder consisting 
essentially of triphenylphosphine oxide and higher 
boili=ig organic components, e.g. aldehyde pentamers. 

On the same day that said rhodium complex 
conce— trate distillation residue containing about 6739 
ppm rriodium was prepared a sample of said concentrate 
was diluted with sufficient triphenylphosphine and 
sufficient Texanol©, to produce a solution containing 
about 300 ppm rhodium and about 5 weight percent tri- 
phenylphosphine (about 65 moles of free triphenylphosphine 
per mole of rhodium) and a sample of said solution was 
then used to catalyze the hydroformylation of propylene 
in a stirred autoclave reactor at about 100°C. under 
about 75 psi of carbon monoxide, hydrogen and propylene 
in a 1:1:1 mole ratio. The activity of the rhodium 
complex catalyst of said process which employed said 
concentrate as its source of rhodium was found to be 
about 46 percent as compared to the activity of fresh 
rhodium complex catalyst using rhodium dicarbonyl- 
acetylacetonate as the source of rhodium for said catalyst 
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under the same conditions. 

Again on the same day another sample of said 
diluted rhodium complex concentrate solution so pre- 
pared as described above was first washed with a 5 
weight percent aqueous solution of sodium bicarbonate 
and then with water and dried prior to being used in 
hydroformylating propylene under the same conditions as 
described above. In this instance the activity of the 
rhodium complex catalyst was found to have increased to 
about 58 percent as compared to the activity of said 
fresh rhodium complex catlayst under the same conditions. 

Two weeks later air was bubbled through another 
sample of said above rhodium complex concentrate distilla- 
tion residue containing about 6 739 ppm rhodium overnight 
for 16 hours at 50°C. The air treated sample was then 
on the same day it was prepared diluted to a solution 
containing about 300 ppm rhodium and about 5 weight 
percent triphenylphosphine in the same manner as 
described above and a sample of said solution pre- 
pared from said air treated concentrate was then used to 
catalyze the hydrof ormylation of propylene under the 
same conditions as described above. The activity 
of the rhodium catalyst which employed said air treated 
concentrate as its source of rhodium was found to be 
about 75 percent as compared to the activity of said 
fresh rhodium complex catalyst under the same conditions. 
On the same day another sample solution of said diluted 
air treated rhodium complex concentrate so prepared as 
described above was first washed with a 5 weight percent 
solution of sodium bicarbonate and then with water and 
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dried prior to being used in hydroformylating propylene 
under the same conditions as described above. In this 
instance the activity of the rhodiur, complex catalyst 
was found to have increased to about 86 percent as 
compared to the activity of said fresh rhodium complex 

catalyst under the same conditions. 

By vay of comparison a sample of the original 
spent hydrofonnylation reaction medium (i.e. original 
feed material employed in this Example) was used to 
catalyze the hydrof ormylation of propylene under the 
same conditions as described above, as was another sample 
of said original starting spent hydrof ormylation medium 
after it had been washed with said aqueous solution oi 
sodium bicarbonate and water and dried in 
the same manner as described above. The activity of 
the rhodium complex catalyst using the unwashed sample 
of spent hydrof ormylation medium as the source of rhodium 
for said catalyst was about 32 percent as compared to the 
activity of said fresh rhodium complex catalyst while 
the activity of the rhodium complex catalyst using the 
washed sample of spent hydroformylation medium as the 
source of rhodium for said catalyst was about 40 per- 
cent as compared to the activity of said rhodium complex 
catalyst . 

EXAMPLE 17 

A 627 gram sample of a spent hydroformylation 
reaction medium obtained from a continuous hydroformylation 
process of propylene with carbon monoxide and hydrogen 
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to produce butyraldehyde in the presence of a rhodium 
complex catalyst consisting essentially o-P rhodium 
complexed with carbon monoxide and triphenylphosphine , 
and free triphenylphosphine, said medium containing less 
than 400 ppm rhodium, and whose catalytic activity had 
declined to about 30 percent of that of fresh catalyst 
was concentrated in a Arthur F. Smith lab scale thin- 
film evaporator which was operated at an outer wall 
temperature of about 139-152°C and at 0.7-0.8 mm. Kg. 
The feed rate was about 482 g./hr. and about 159 grams 
of an essentially rhodium free distillate consisting 
essentially of butyraldehyde and other low boiling 
components was collected overhead. The tails or distil- 
lation residue of said first pass consisting of the 
higher boiling components of the distilled spent medium 
and essentially all of the rhodium of the original 
spent feed sample was collected and further concentrated 
by a second pass through the evaporator at 243-248°C. 
and about 2.2 mm. Hg. the pressure being maintained by 
bleeding air into the evaporator while it is in the form 
of a thin film on the hot walls of the evaporator. 
A highly viscous rhodium complex concentrate distillation 
residue was obtained from the bottom of the evaporator 
which was found to contain about 10,692 ppm rhodium 
and a minor amount of triphenylphosphine, the remainder 
consisting essentially of triphenylphosphine oxide 
and higher boiling organic components, e.g. aldehyde 
pentamers . 

Five days after said air treated rhodium 
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complex concentrate distillation residue containing 
about 10,692 ppm rhodium was prepared a sample of 
said concentrate was diluted with sufficient triphenvl- 
phosphine and sufficient Texanoll , to produce a solution 
containing about 330 ppm rhodium and about 5 weight 
percent triphenylphosphine (about 60 moles of free tri- 
phenylphosphine per mole of rhodium) . A sample of 
said solution was then used to catalyze the hydrcformyiation 
of propylene in a stirred autoclave reactor at about 100"C. 
under about 75 psi of carbon monoxide, hydrogen and pro- 
pylene in a 1:1:1 mole ratio. The activity of the 
rhodium complex catalyst of said process which employed 
said concentrate as its source of rhodium was found to 
be about 39 percent as compared to the activity of 
fresh rhodium complex catalyst using rhodium dicarbonyl- 
acetylacetonate as the source of rhodium for said 
catalyst under the same conditions. 

Again on the same day another sample of 
said diluted rhodium complex concentrate solution so 
prepared as described above was first washed with a 
5 weight percent aqueous solution of sodium bicarbonate 
and then with water and dried prior to being used in 
hydroformylating propylene under the same conditions 
as described above. In this instance the activity 
of the rhodium complex catalyst was found to have 
increased to about 68 percent as compared to the 
activity of said fresh rhodium complex catalyst under 
the same conditions . 
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EXAMPLE 18 

A 55 gallon sample of a spent hydroformylstion 
reaction medium obtained from a continuous hydrofomylation 
process of propylene with carbon monoxide and hydrogen to 
produce butyraldehyde in the presence of a rhodiun complex 
catalyst consisting essentially of rhodiun: cooplexed with 
carbon monoxide and triphenylphosphine , and free triphenvl- 
phosphine, said medium containing less thar. 400 ppm rhodium, 
was concentrated in a LUWA 1.4 square foot thin-film evapora 
which was operated at an outer wall temperature of about 260 
280°C, 90-94 mm. Hg. and a feed rate of 120-140 lb . /hr /f t 2 
to remove aldehydes and other low boiling components. 
The tails or distillation residue of this first pass was 
then passed through the evaporator a second time at 
280-300°C, 4-9 mm. Hg. and a feed rate of 30-143 lb./hr./f-. 
to remove butyraldehyde diol esters and phosphine compounds. 
Finally, the tails or distillation residue of said second 
pass was further concentrated in the evaporator at 305=C., 
4 mm. Hg. and a feed rate of 7.4-255 lb./hr./ft. 2 to obtain 
a highly viscous rhodium complex concentrate distillation 
residue which was found to contain about 9473 ppm rhodium 
and a minor amount of triphenylphosphine, the remainder 
consisting essentially of triphenylphosphine oxide and 
higher boiling organic components e.g. aldehyde pentamers . 

A sample of said rhodium complex concentrate 
distillation residue containing about 9473 ppm rhodium 
was diluted with sufficient triphenylphosphine and 
sufficient Texanol®, to produce a solution containing 
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about 300 ppm rhodium and about 5 weight percent tri- 
phenylphosphine (about 65 moles of free tr iphenylphcsphine 
per mole of rhodium). A sample of said solution vas the- 
used to catalyze the hydroformylation of propylene in a 
stirred autoclave reactor at about 100°C. under abcu: 75 
psi of carbon monoxide, hydrogen and propylene in a 
1:1:1 mole ratio. The activity of the rhodium complex 
catalyst of said process which employed said concentrate 
as its source of rhodium was found to be about 22 percent 
as compared to the activity of fresh rhodium complex 
catalyst using rhodium dicarbonylacetylacetonate as the 
source of rhodium for said catalyst under the same 
conditions. It is believed that this low activity rating 
obtained may have been due in part to the high distillation 
temperatures employed and the storing of the concentrate 
in essentially the absence of air for about 6-9 months 

before testing. 

Another sample of said diluted rhodium complex 
concentrate solution so prepared as described above was 
first washed with 5 weight percent aqueous solution of 
sodium bicarbonate and then with water and dried prior to 
being used in hydrof ormylating propylene under the same 
conditions as described above. In this instance the 
activity of the rhodium complex catalyst \vas found tc 
have increased to about 46 percent as compared to the 
activity of said fresh rhodium complex catalyst under 
the same conditions. 
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A series of other samples of said above 
rhodium complex concentrate distillation residue containing 
about 9473 ppm rhodium were then treated by bubbling air 
or nitrogen through the concentrate for various periods 
of tine and at various temperatures as outlined in TABLE III 
below. A portion of each treated sample was then 
diluted to a solution containing 300 ppm rhociur. and about 
5 weight percent tr ipheny lphosphine in the sar.e manner as 
described above and a portion of each solution then usee 
to catalyze the hydrof ormylation of propylene under the 
same conditions given above. Another portion of each 
solution so prepared was first washed with a 5 weight 
percent aqueous sodium bicarbonate solution and water in 
the same manner as described above prior to being used 
in hydroformylating propylene under the same conditions 
described above. The activity of the rhodium catalyst 
which employed said gas treated concentrates as its source 
of rhodium as compared to the activity of s«id fresh 
rhodium complex catalyst is given in Table m below. 







TABLE 


Ill 






ample 


Treatment 


Temp. 


Time 


Before 


Activity (%) 
Wash After Uash 


A 


Air 


50°C. 


16 hrs. 


48 


65 


B 


Air 


25°C. 


16 hrs. 


39 


48 


C 


Air 


100°C. 


24 hrs. 


56 


68 


D 


Nitrogen 


50°C. 


60 hrs. 


25 


38 



-84- 



0017183 



EXA! IPLE 19 

A 4997 pound sample of a spent hydrofornylation 
reaction medium obtained from a continuous hydrofoil a tier, 
process of propylene with carbon monoxide and hydrogen to 
produce butyraldehyde in the presence of a rhodium complex 
catalyst consisting essentially of rhodium complexec ,r.« 
carbon monoxide and triphenylphosphine . and free trxpner.y.- 
phosphine. said medium containing less than 400 PPm rhociur., 
and whose catalytic activity had declined to about 30 
percent of that of fresh catalyst was concentrated in 
through a Pfaudler 13.4 square foot thin-film evaporator 
which was operated at an outer wall temperature of about 
187-C about 150 mm. Hg. and a feed rate of about 416 
lbs /hr. to remove aldehydes and other low boiling compo- 
nents. The tails or distillation residue of this first 
pass was then passed through the evaporator a seconc time 
at about 237-C, about 66 mm. Hg. and a feed rate of aoout 
296 pounds per hour to remove butyraldehyde diol esters 
and phosphine compounds. The tails or distillation 
concentrate residue of said second pass were collected and 
found to contain 17.7 percent of the original spent hydro- 
formylation medium feed material and 98.4 percent (1560 ppm 
rhodium) of the rhodium of said original feed material. A 
sample of this second pass distillation residue was set 
aside while the remainder of said residue of said second 
pass was further concentrated by passing it through 
the evaporator at about 272°C , about 3 mm. Hg. 
and a feed rate of about 195 pounds per hour to 
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obtain a final viscous rhodium complex concentrate 
distillation residue containing 2.3 percent of the 
original spent hydro formylation medium feed material 
and 79 percent (8329 ppm rhodium) of the rhodium of 
said original feed material. 

Samples of said rhodium complex concentrate 
distillation residues obtained from pass two (1560 ?pT r. 
rhodium) and pass three (8329 ppm rhodium) above, were 
oxygenated by stirring each sample concentrate under 
a pressure of about 100 psi. of air for 16 hours at 
room temperature. Each oxygenated sample concentrate 
as well as samples of each non-oxygenated sample concen- 
trate were diluted with sufficient triphenylphosphine 
and sufficient Texanol®to produce a solution containing 
about 200 ppm rhodium and 12 weight percent triphenyl- 
phosphine. A portion of each oxygenated solution so 
prepared was then washed with a 10 weight percent 
aqueous sodium bicarbonate solution and water. Each 
sample solution both before washing and after washing 
was then used to catalyze the hydrof ormylation of 
propylene in a continuous reactor at about 105 °C. under 
carbon monoxide, hydrogen and propylene. 

This same hydrof ormylation procedure was also 
carried out using the original spent hydrof ormylation 
reaction medium (i.e. the original feed employed in 
this Example) after it was washed with 10 weight percent 
sodium bicarbonate and water. 
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The catalytic activity or butyr aldehyde 
production measured as gram-moles of butyraldehydes 
per liter of solution per hour, for each soltuion was 
measured and was compared to the activity of a fresh 
rhodium complex catalyst under the same conditions. 
The results of this Example are given in Table IV below. 

TABLE IV 

Duration 

c flnTll p Catalyst Air Wash of Activity Catalvst 

Sa tl le C Io u ;cf Treatment Treatment Test (Days) Activity 

A Spent Hydro- No 12 38 c : 

f ormylation 
feed 

B Second Pass No No 

Concentrate 

C Second Pass Yes No 

Concentrate 

D Second Pass Yes Yes 

Concentrate 

E Third Pass No No 

Concentrate 

F Third Pass Yes No 

Concentrate 

G Third Pass Yes Yes 

Concentrate 



18 


59% 


18 . 


74% 


18 


73% 


18 


46% 


18 


63% 


18 


82% 
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EXAMPLE 20 ^ 

Samples of said rhodium complex concentrate 
distillation residues obtained from pass two (1560 ppm 
rhodium) and pass three (8329 ppm rhodium) of Example 
19 were each diluted with sufficient TexanolT 
to give solutions containing about 300 ppx, rhodium and 
and stirred in the presence of air under atmospheric 
conditions. Samples of each solution were withdrawn 
periodically and sufficient triphenylphosphine added 
to each sample to obtain a hydrof ormyiation medium 
containing 10 weight percent triphenylphosphine. The 
hydroformylation medium both before and after having 
been washed with a 10 weight percent aqueous sodiutT 
bicarbonate solution and water was then used to catalyze the 
hydroformylation of propylene in the same manner as described 
in Example 17. The activity of the rhodium catalyst 
which employed said concentrates as its source of 
rhodium was compared to the activity of fresh rhodium 
complex catalyst using rhodium dicarbonylacetylacetonate 
as the source of rhodium for said catalyst under the 
same conditions. The results of this Example are 
given in Table V below. 
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Sarrole 
No*. 



B 
C 
D 
E 
F 
G 
H 

I 

J 

K 

L 

M 

N 



Days of Air 
Catalyst Source Treatment 

0 



Second Pass 
Concentrate 



Third Pass 
Concentrate 



1 
2 
5 
5 
S 
8 
0 

1 

2 
5 
5 
8 
8 



Wash 
Treatment 

Mo 



No 

No 

No 

Yes 

No 

Yes 

No 

No 

No 

No 

Yes 

No 

Yes 



Catalyst 
Activity 

52 

65 
60 
67 
71 
62 
74 
57 

65 
63 
62 
78 
72 
75 



a) 
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A 2.11 gram sample of a rhodium complex 
concentrate distillation residue obtained as described 
in Example 18 and containing about 14,200 ppm rhodium 
was diluted with 102 ml. of Texanol® and mixed with 
1.31 grams of tertbuty Hydroperoxide at 95°C. for 
four hours. Then a 31.8 gram sample of the solution so 
prepared was mixed with 3.8 grams of triphenylphosphine 
and 2.5 grams of additional Texanol ® and stirred at 
95 °C for an additional hour. This final solution was 
then washed with two equivalent volumes of 10 weight 
percent aqueous sodium bicarbonate solution and then 
with 35 ml. of water. The solution obtained after 
said wash treatment contained 252 ppm rhodium and 9 
weight percent triphenylphosphine and was then used to 
catalyze the hydrof ormylation of propylene in the same 
manner as described in Example 17. The activity of the 
rhodium catalyst which employed said rhodium complex 
concentrate as its source of rhodium was 83 percent as 
compared to the activity of fresh rhodium complex catalyst 
using rhodium dicarbonylacetylacetonate as the source of 
rhodium for said catalyst under the same conditions. 
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EXAMPLE 22 

An oil heated glass falling-film evaporator 
(evaporation area 814 cm 2 , 3 tubes, length 600 mm. inner- 
diameter 14.4 mm) is used. This falling- film evaporator 
is heated with heating medium at 214°C and reaction pro- 
duct of propylene hydro -formylation which had contained 
approximately 0.124 g of rhodium as a hydro -carbonyl tri- 
phenyl phosphine rhodium catalyst (220 PP m rhodium) , which 
had been in use and whose activity had been considerably 
reduced is introduced to the falling-film evaporator at a 
pressure of 1,009 milibars , and at a rate of 563 g per 
hour, after it has been heated with hot oil with a temp- 
erature of 203 °C. The overhead product is 84.4 g per hour 
(equals 15 weight percent) of low boilers which mainly 
consist of butyraldehydes which are practically free of 
rhodium, (less than 0.1 ppm by weight rhodium). The 
bottom product is 478.6 g per hour of higher boiling 
products. 

These higher boiling products are admitted, 
without prior cooling, into a glass thin- film evaporator 
(evaporation area 900 cm 2 , rotor 900 rpm) . which have been 
heated with hot oil to a temperature of 212 -C. and which 
is operated at a pressure of 4 milibars. A rhodium free 
distillate at a rate of 469.5 g per hour is obtained as 
top product (rhodium content not measurable, less than 0.1 
ppm rhodium). The distillate from the thin-film evaporator 
is then rectified in a system consisting of two continuously 
operated columns, each column has 20 actual trays and 
liquid product is admitted to the first column at the tenth 
tray, whereas the bottom product of the first column, also 
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in liquid form, is introduced to the tenth tray of the 
second column. The first column is operated with a 
pressure of 40 milibars at the top and with a differ- 
ential pressure of 30 milibars. The temperature at the 
top is 180 °C, the reflux ratio is 1. Under these condi- 
tions the distillates contained 0.12 weight percent tri- 
phenyl phosphine. The second column is operated under a 
pressure of 30 milibars at the top. The temperature at 
the top of the column is 236 °C, the temperature at the 
bottom is 280 °C. The reflux ratio equals 0.4. The 
recovered triphenyl phosphine has a concentration of 907 o 
based on gas chromatographic analysis. This product is 
equal to fresh triphenyl phosphine, related to the same 
triphenyl phosphine content when used for the production 
of rhodium catalysts, thus it is not necessary to carry out 
further purification. The bottom product of the second 
column contains triphenyl phosphine oxide. A highly 
viscous solution is obtained at the bottom of the thin- 
film evaporator at a rate of 9.1 g per hour (equals 1.62 
weight percent, related to the feed to the falling-film 
evaporator) . This solution contains the entire rhodium 
(13,800 weight ppm rhodium) and 3.5 weight percent of 
phosphorus • This solution is converted by addition of 
30 g per hour of triphenyl phosphine (TPP) , diluted with 
530 g per hour of normal butanal, whereby a solution of 
220 ppm rhodium with a molar ratio of phosphine to 
rhodium of 102 to 1 is obtained. 

2 kg of this catalyst solution are used for hydro- 
formylation of 125 g per hour of propylene with a 133 
normal litres per hour of synthesis gas (CD:H 2 equals 1 
to "1) at a pressure of 17 bars and a temperature of 100 °C 
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in experimental equipment which operates on a continuous 
basis. This catalyst solution had greater activity than 
the catalyst that had been introduced into the falling- 
film evaporator in this Example. 

Thus the normal to iso-ratio is around 16.5. 
If 9.1 g per hour of material stream lb is 
converted with 33.3 g per hour of 90% triphenyl phosphine 
which is the distillate of the second column, instead of 
with 30 g per hour of pure triphenylphosphine and if this 
is diluted with 527 g per hour of normal butanal , and if 
2 kg of this mixture are hydrof ormylated in accordance with 
data of this example, the same results are obtained within 
the usual experimental and analysis fluctuations. 

Comparable results can be obtained when operating 
with a thin-film evaporator at a temperature of 250°C and 
with a load of 1,150 g per hour in accordance with data 
of this example. 

EXAMPLE 23 

Based on the data of Example 22, 1,486 g per hour 
of reaction products was concentrated in an oil heated 
glass falling-film evaporator. The concentrated product 
was passed to the glass thin-film evaporator at a rate of 
1,263 g per hour without prior cooling as described in 
Example 1. In this manner 1,122 g per hour are distilled 
and a residue of 141 g per hour (equals 9.57. by weight- 
related to the feed to the falling-film evaporator) remains 
as residue which contains the total rhodium (concentration 
2,315 weight ppm rhodium), as well as a concentration of 
2.0 weight percent of phosphorus. 61 g per hour of tri- 
phenyl phosphine are added to the solution which is 
dilusted with 1,280 g per hour of normal butane. 1 whereby 
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a solution with 220 ppm rhodium with a molar ratio of 
phosphine to rhodium equals 10 : 2 to 1 is obtained. 

2 kg of this catalyst solution are used for 
hydroformyiation of 134.8 g per hour of propylene with 
144 normal litres per hour of synthesis gas (C0:H 2 equals 
1:1) at 17 bars and 100 °C using the equipment as described 
in Example 22. This catalyst solution' had greater activity 
than the catalyst that had been introduced into the falling- 
film evaporator in this Example. 

Comparable results can be obtained when oper- 
ating in a thin-film evaporator with a temperature of 
198 °C and with a load of 620 g per hour based on the 
data of this example. 

COMPARATIVE EXAMPLE 24 
With the glass falling-film evaporator as 
described in Example 22 , the same raw material Is concen- 
trated to 85%; 1,044 g per hour of this concentrated 
product are further concentrated by means of the thin- film 
evaporator as described in Example 22, at a pressure of 3 
milibars and a heating medium temperature of 147 °C. 430 g 
per hour are evaporated and this quantity does not contain 
rhodium. There remains a residue of 614 g per hour in 
accordance with a concentration of 50% relating to the 
material stream recycle to the falling-film evaporator. 
The residue contains the total rhodium quantity. The 
concentration is 440 weight ppm rhodium. Furthermore, 
the residue contains 1.4% phosphorus compounds calculated 
as phosphorus. 614 g per hour of normal butanal are added 
to this solution so that a solution with 220 weight ppm 
rhodium and with a molar ratio of phosphine to rhodium 
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of 106 to 1 is obtained. °) $ 

2 kg of this catalyst solution are used for 
hydroformylation of 136 g per hour of propylene with 145 
normal litres per hour of synthesis gas (C0:H 2 equals 1 to 
1) at 17 bars and 100°C using the equipment as described in 
Example 22. This catalyst solution had greater activity than 
the catalyst that had been introduced into the falling-film 
evaporator in this Example. 

Examples 22 to 24 above illustrate the aspects of 
this invention described more particularly below. 

This process invention has the advantage that an 
active rhodium and phosphine containing catalyst with high 
selectivity is recovered in a simple and economic manner. 
Compared with conventional processes or regeneration of spent 
and partially deactivated rhodium catalyst, this process 
' invention has the additional advantage in that no chemicals 
are used for the recovery of active rhodium and phosphine 
containing catalysts. This process invention achieves rec- 
overy of active rhodium catalysts as well as recovery of 
phosphine. Recovery of active rhodium and phosphine contain- 
ing catalysts in a simple and economic manner as per this 
invention, makes it possible to regenerate rhodium catalysts 
when they have only suffered a relatively low activity loss 
and thus, hydroformylation can be carried out with higher 
time yields and/or higher selectivity. It was surprising 
that the recovery of rhodium catalysts not only achieves 
high activity, but also high selectivity. 

It was also particularly surprising that contrary 
to what has been learnt from many papers with this process 
invention, which includes mild distillative separation into 
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at least two material streams, the rhodium compounds are 
neither decomposed nor deactivated, nor are they separated 
in the form of metals but occur in the form of soluble 
compounds in solution, i.e. they represent soluble compounds 
^ whereby, their activity and selectivity are increased. With 

j stronger concentrations only the viscosity of the solution 

! of the rhodium compounds is increased. 

It is particularly surprising that the activity 
and selectivity of the regenerated rhodium catalysts, are 
10 improved. In order to recover and reactivate spent rhodium 
and phosphine containing catalysts with greatly reduced 
activity, from the reaction products of the rhodium catalysed 
oxosynthesis , the liquid reaction product contain- 
ing the spent and partially deactivated catalyst is subjected 
to a mild distillation whereby, a small quantity of distil- 
lation residue which practically contains the entire rhodiux 
is obtained as well as a practically rhodium fx~ee distillate. 
The distillation residue can be reused as catalyst for hvcro- 
formylation after addition of appropriate quantity of phos- 
20 phine, either fresh or regenerated, and after diluting it, 

for example, with the aldehyde to be produced. Surprisingly, 
this recovered catalyst has improved activity and selectivity. 

The practically rhodium free distillate (material 
stream la), is separated into the aldehyde to be produced, 
into an intermediate stream containing a number of materials, 
into a phosphine fraction suitable for activation of fresh 
or recovered rhodium catalyst and into a rectification 
residue stream which contains little valuable phosphine in 
the form of phosphine oxide. This distillative separation 
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of the distillate (material steam la), can take place in 
several distillation stages. 

Distillative separation into at least two material 
streams takes place by heating the reaction mixture to 
temperatures of 150 to 300°C, preferably from 170 to 270°C, 
particularly from 200 to 220 °C, preferably operating in two 
stages. The use of reduced pressure has the same effect as 
the use of an inert carrier gas stream. In this context it 
is important that heating takes place gradually avoiding 
overheating. Distillative separation in each distillation 
stage can be carried out by using a heating system, but 
guard against overheating. Distillation should take place 
within short periods, for example in a thin-film evaporator 
or a falling-film evaporator. 

Distillative separation concentrates the spent 
rhodium and phosphine containing mixtures to 0.1 to 30 weight 
percent, preferably to 1 to 10 weight percent, in particular 
to 1.5 to 5 weight percent distillation residue (material 
stream lb) . Distillative separation of the reaction mixture . 
containing the partially deactivated rhodium catalyst into 
at least two material streams, takes place in one or more 
distillation stages, e.g. the first distillation stage can 
be used to concentrate the bottom product to 50 to 500 weight 
ppm rhodium and the second distillation stage could be used 
to further concentrate to 1,000 to 25,000 weight ppm rhodium 
whereby, the second distillation stage would operate at 

reduced pressure. 

Distillative separation into the material streams 
may take place on a discontinuous and/or continuous basis. 
If two or more distillation stages are used, distillation in 
-. the second stage takes place at the reduced pressure and 
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preferably on a continuous basis. In the same way, the 
discharge of spent and partially reactivated rhodium cata- 
lysts from the hydrof ormylation reactor can be continuous or 
discontinuous. With the discontinuous method of discharging 
deactivated catalyst, it is recommended to discharge the 
entire reactor content and with continuous operation only 
part of the reactor content will be discharged, and the 
recovered and reactivated catalyst is recycled continuously 
to the reactor. 

When reusing the recovered rhodium concentrate, 
(Material stream lb.) a certain amount of phosphine is added 
in some cases so that at least 100 g mol phosphine related to 
1 g atom rhodium, are present in the reaction medium. Addi- 
tion of phosphine is not required if more than 100 g moles 
phosphine, related to 1 g atom rhodium are present in material 
stream lb. Catalyst preparation may take place with fresh or 
recovered phosphine. It is recommended to use the recovered 
phosphine. It is not necessary to use this regenerated phos- 
phine in its pure form; it may also be used as a mixture con- 
taining other compounds which do not have an adverse affect 
on catalyst activity and/or selectivity. Suitable phosphines 
are, for example, triaryl phosphine. Particularly suitable 
is triphenyl phosphine. 

The process for activity increase and catalyst 
recovery is suitable for hydrof ormylation of olefins, par- 
ticularly of C2 to C4 olefins, in particular for hydro- 
f ormylation of propylene to butanal. 

This process invention improves and simplifies 
considerably the recovery of active rhodium phosphine 
containing catalysts. As there are no waste gases or other 
effluents there are no problems with regard to environment 
pollution. 



Various modifications and variations of this 
invention will be obvious to a worker skilled in the art 
and it is to be understood that such modifications and 
variations are to be included within the purview of this 
application and the spirit and scope of the appended claims. 
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WHAT IS CLAIMED IS: 

1. A process for preparing a hydrof ormylation medium, 
said medium comprising a rhodium complex and triarylphos- 
phine, which comprises mixing a rhodium complex concentrate 
with a sufficient amount of triarylphosphine so that there 
is at least about 10 moles of free triar}'lphosphine per 
mole of rhodium present in said medium; said rhodium com- 
plex concentrate having been produced by a process which 
comprises concentrating a spent hydrof ormylation reaction 
medium that contains a partially deactivated rhodium com- 
plex catalyst and free triarylphosphine, into at least two 
separate material streams by means of distillation at tem- 
peratures of about 20°C to about 350°C and at pressures of 

—6 

about 1000 mm Hg. to about 1x10 mm Hg. , wherein one 
stream is said rhodium complex concentrate distillation 
residue containing a major amount of the rhodium of said 
catalyst and which has been concentrated to about 0.1 to 
about 30 percent by weight of said spent hydrof ormylation 
reaction medium, and the other material stream or streams 
consist essentially of one or more of the distilled vola- 
tile components of said spent hydrof ormylation reaction 
medium. 

2. A process as defined in claim 1, wherein said con- 
centrate contains more than about 90, preferably more than 
about 97, percent by weight of all of the rhodium of said 
partially deactivated catalyst. 

3. A process as defined in claim 1, wherein the 
distillation takes place in two stages and wherein the se- 
cond distillation stage is distilled at a lower pressure 
than the first distillation stage. 

4. A process as defined in claim 3, wherein the first 
distillation stage is Conducted at temperatures of about 
20°C to about 250°C and pressures of about 1000 mm Hg* to 
about 0.1 mm Hg. , and the second distillation stage is 
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conducted at temperatures of about 25°C to about 350°C and 
pressures of about 100 nun Hg. to about 1x10 mm Hg. 

5. A process as defined in claim 4, wherein the first 
distillation stage is conducted at temperatures of about 
20°C to about 190°C and pressures of about 150 mm Hg. to 
about 0.5 mm Hg. , and the second distillation stage is con- 
ducted at temperatures of about 1 5 0°C to about 300 C and 
pressures of about 20 mm Hg. to about 0.1 mm Hg. 

6. A process as defined in claim 1, wherein the spent 
hydroformylation reaction medium is batch distilled. 

7 A process as defined in claim 1 , wherein the 
distillation is carried out in a thin-film evaporator. 

8. A process as defined in claim 1, wherein the 
triarylphosphine is triphenylphosphine . 

9 A process as defined in claim 1 ,wherein suf f icieni 
triarylphosphine and sufficient solvent has been mixed wit! 
said concentrate so that the hydroformylation medium con- 
tains at least about 10 moles, preferably about 50 moles, 
of free triarylphosphine per mole of rhodium and from 
about 25 to about 1000 ppm rhodium calculated as free meta. 

10 A process as defined in claim 9, wherein the hydr 
formylation medium contains from about 50 to about 400 ppm 
rhodium calculated as free metal and wherein the trxaryl- 
phosphine is triphenylphospine . 

11 A process as defined in claim 10, wherein the 
solveni is selected from the group consisting of aldehyde, 
and higher boiling aldehyde condensation products. 
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12. A process as defined in claim 3, wherein the 
first distillation stage is batch distilled and the second 
distillation stage is carried out in a thin-film evapora- 
tor. 

13. A process as defined in claim 3, wherein both 
distillation stages are carried but in a thin-film eva- 
porator. 

14. A process as defined in claim 3, wherein the 
rhodium complex concentrate has been concentrated to about 
1 to about 10 percent by weight, preferably about 2 to 
about 6 percent by weight, of said spent hydrof ormylation 
reaction medium. 



15. A process as defined in claim 13 » wherein both 
distillation stages are carried out in a wiped-film eva- 
porator. 

16. A process as defined in claim 1 or/and 4, wherein 
the process for producing said rhodium complex concentrate 
also involves washing the rhodium complex concentrate with 
an aqueous alkaline solution and/or water. 

and/qr 4 

17. A process as defined in claim 1 /, wherein the pro- 
cess for producing said rhodium complex concentrate also 
involves adding an oxidant selected from the group con- 
sisting of oxygen and an organic peroxide, preferably 
oxygen, to the rhodium complex concentrate. 

18. A process as defined in claim 17, wherein said 
oxidant is oxygen in the form of air which has been 
thoroughly dispersed throughout said concentrate by direct- 
ly feeding air into said rhodium complex concentrate di- 
stillation residue. 
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19. A process as defined in claim 17, wherein the 
process for producing said rhodium complex concentrate 
also involves washing the oxidant treated rhodium complex 
concentrate with an aqueous alkaline solution and/or water. 

20. A process for preparing a hydroformylation medium 
as defined in claim 1, wherein at least some of the tri- 
arylphosphine of said medium is triarylphosphine that is 
recovered from the distillate of the concentration process 
for producing said rhodium complex concentrate. 

21 A hydroformylation medium comprising a rhodium 
complex* and at least about 10 moles of free triarylphosphine 
per mole of rhodium present in said medium, said rhodium 
comolex having been derived from a rhodium complex concen- 
trate which has been produced by a process which comprises^ 
concentrating a spent hydroformylation reaction medium thao 
contains a partially deactivated rhodium complex catalyst 
and free triarylphosphine, into at least two separate 
material streams according to the process of claims 1-20. 

22. Process for producing aldehydes by hydrof ormylat- 
ing an olefin with hydrogen and carbon monoxide in the 
presence of a hydroformylation reaction medium, characterxsec 
that a medium obtained according to the process of claims 
1-20 is used as hydroformylation medium. 

23 A hydroformylation process according to claim 22, 
characterised that at least some of the triarylphosphine 
in said hydroformylation reaction medium is triarylphos- 
phine that has been recovered from the distillate of the 
concentration process for producing said rhodium complex 
concentrate . 

24 Process for the recovery and activity increase of 
spent rhodium and phosphine containing_c_atalysts from 
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5 reaction products of the rhodium catalysed oxosynthesis , 
characterised by the fact that, the reaction mixture con- 
taining partially deactivated rhodium catalysts is se- 
parated into at least 2 material streams by means of di- 
stillation at temperatures of 150 to 300°C and at pressures 

io of 1,500 to 0.1 milibars, whereby 

One material stream contains the volatile 
components such as aldehydes, acetals 
esters and phosphines but practically no 
rhodium and 

The other material stream contains practi- 
cally all the rhodium compound, whereby the 
distillation residue is concentrated to 0.1 
tc?$7eight percent and sufficient phosphine 
quantity is added to this concentrated ma- 
terial stream so that at least 100 moles 
phosphine per gramme atom rhodium is present 
in the regenerated mixture. 

25. Process in accordance with claim 24, character- 
ised by the fact that the distillative separation into the 
material streams is carried out in a thin-film evaporator 
or in a falling-film evaporator. 

26. Process in accordance with claims 24 and 25, 
characterised by the fact that the distillative separation 
into more than 2 material streams takes place in two 
stages, preferably the second stage being distilled at 
lower pressure. 

27. Process in accordance with claims 24 to 26, 
characterised by the fact that phosphine recovered from the 
rhodium-free distillate is added to the concentrated rho- 
dium containing material stream. 
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28. Process in accordance with claims 24 to 27, 
characterised by the fact that phosphine is used in the 
form of triphenyl phosphine. 

29. Process in accordance with claims 24 to 28, 
characterised by the fact that distillative separation into 
at least 2 material streams is carried out at temperatures 
of 170 to 270° C, preferably at 200 to 220°C. 

30. Process in accordance with claims 24 to 29, 
characterised by the fact that the distillation residue is 
concentrated to 1 to 10 weight percent, preferably 1.5 to 

5 weight percent. 
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